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ABSTRACT 
 
The Guided Wave NDT technique (GW-NDT) is a relatively new non-destructive 
testing method used for long-range inspection and monitoring. Guided waves are 
mechanical or elastic waves propagating in a confined medium (plates, pipes), at 
ultrasonic and sonic frequencies traveling along the structure, guided by its 
geometrical borders. They can propagate in various frequencies and modes: 
torsional, flexural, and longitudinal.  
GW-NDT can serve as a useful tool for evaluating the integrity of metallic 
structures as integrated parts of in petrochemical industrial plants, used also in 
nuclear and electrical power generation and distribution of water and gas. GW-NDT 
are able to inspect long sections of pipeline from a single application point to detect 
defects present even under insulation and to reach pipe segments placed in 
inaccessible areas like river crossings, bridges etc. They are reliable and become 
even more cost effective if the sensors are installed permanently to perform 
continuous monitoring of the pipe integrity, while in-service. Instruments that 
generate and receive GW are based on piezoelectric or magnetostrictive 
transducers which are disposed as a collar completely surrounding the pipe 
circumference. 
Piezoelectric systems (PZT) are configured as a multi-channel collar able to 
generate and receive GW signals in multiple points around the circumference. This 
configuration allows also techniques like focusing that help in the process of defect 
characterization. The focusing technique is however, limited in the cases of small 
OD pipes or at long distances sensor-defect. Another method to estimate the 
defect size is based on information provided by the amplitude of the reflected 
waves or the amplitude of the wave modes other than the transmitted one. This 
has its limits related to the number of elements of the collar surrounding the 
circumference and to the pipe geometry that in some cases can be complicated.  
Magnetostrictive guided-wave systems can be described as a single continuous 
transducing element attached to the pipe and surrounding the circumference 
independently of the pipe size. With this configuration the generated wave mode is 
always symmetrical (torsional) and no asymmetrical modes are generated. In 
addition, less wave control can be achieved with a single channel transmitter. In 
the acquisition process, asymmetrical modes generated by defects can be 
observed with certain difficulty because of the use of a single receiver. 
The detection of a possible flaw is an important achievement, but the inability to tell 
how serious the situation of the analysed structure is, leaves space to further 
research and investigation. Some defects that occur in a pipe structure can be 
negligible while others, on contrary, must enforce the immediate replacement of the 
flawed pipe for the safety of the pipeline system. Moreover, even if one succeeds 
to find out the percentage of the defect‟s cross-section from the total cross-section 
of the pipe, he cannot completely asses the gravity of the situation. 
There is extensive research work documented in the NDT literature that describes 
algorithms for defect characterization. They are mainly based on classification 
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techniques like neural networks, k-nearest neighbour, space mapping or support 
vector machine (SVM) and signal processing methods for feature extraction like 
wavelet and Fourier transform or rely on the extraction of features like correlation 
coefficients or wavelet or Fourier coefficients. The implementation of these 
algorithms is, however, related in most of the cases to local NDT techniques, while 
results of defect characterization with guided-wave NDT use amplitude or phase 
information or focusing techniques and are limited to large approximations of the 
cross-sectional loss or axial length of the defect. Guided-wave NDT remains 
therefore a method of screening which is reliable only for the good localization of 
defects along the pipe axial dimension. 
Estimation of the cross-sectional loss gives limited information on the gravity of the 
defect, while knowing the radial depth of a defect or the remaining wall thickness 
would allow the plant operator to understand how imminent a fluid leak is and to 
decide immediately on further actions to ensure the safety of operation. 
As previously described, existing guided wave technology, provide low-level 
information on the geometrical characteristics of defects that were detected during 
inspection or monitoring of pipes. The existence of a method or software able to 
provide this information would bring an important improvement to this long-range 
NDT technology. 
There is therefore the need for a new method for defect characterisation in guided-
wave NDT that would be able to give a fair approximation for all the three 
dimensions of a defect. 
This thesis describes the development of new methods and algorithms for 3D 
characterization of defects identified from signals that were acquired with a guided-
wave NDT instrument. 
The methods are based on the evaluation of flexural components extracted from 
data sets acquired with a multitude of magnetostrictive sensors uniformly 
distributed around the pipe circumference. Moreover, the algorithms presented 
take advantage on classification techniques like Support Vector Machines (SVM) 
that are trained using training parameters extracted from signal information like 
Sum of Euclidean Distances (SED) or Flexural-Torsional Ratio (FTR). 
To prove its efficiency, the method was applied to both simulated and experimental 
data and the results were compared. Finally a statistical study of the errors is 
presented and possible further developments are discussed. 
 
VII 
 
LIST OF ACRONYMS 
 
EC  Eddy Current 
ECNDT  European Conference on NDT 
EMAT  Electromagnetic Acoustic Transducer 
FBE   Fusion Bonded Epoxy 
FTR   Flexural-Torsional Ratio 
GW   Guided Waves 
GW-NDT  Guided Wave Non-Destructive Testing 
ILI   In-Line Inspection 
LNG   Liquefied Natural Gas  
LRGW   Long Range Guided-Wave 
MFL   Magnetic Flux Leakage 
MsS   Magnetostrictive strip Sensor 
MsT   Magnetostrictive Transducer 
MT   Magnetic Transducer 
NA   Normalized Amplitude 
NDE   Non-Destructive Evaluation 
NDT   Non-Destructive Testing 
NN   Neural Networks 
OD   Outer Diameter 
PIG   Pipeline Inspection Gauges 
PZT   Piezoelectric Transducers 
RT   Radiography Testing 
SCC   Stress Corrosion Cracking 
SED   Sum of Euclidean Distances 
SH   Shear Horizontal Wave 
SHM   Structural Health Monitoring 
SV   Shear Vertical Wave 
SVM   Support Vector Machine 
UGW   Ultrasonic Guided Waves 
UT   Ultrasonic Testing 
VIII 
 
 
  
IX 
 
TABLE OF CONTENTS 
ACKNOWLEDGEMENTS ....................................................................... III 
ABSTRACT ........................................................................................... V 
LIST OF ACRONYMS .......................................................................... VII 
TABLE OF CONTENTS......................................................................... IX 
CHAPTER 1 INTRODUCTION .............................................................1 
1.1 Motivation ....................................................................................2 
1.2 Problem Statement and Research Questions ..............................4 
1.3 Thesis overview ...........................................................................5 
CHAPTER 2 GUIDED WAVE – NDT ....................................................7 
2.1 Guided-Wave technique as an integrated part of the NDT 
methods family ...................................................................................8 
2.2 Long Range Guided Wave properties and modes ..................... 11 
2.3 Pipe systems inspection and monitoring – necessity for Guided-
Wave NDT ......................................................................................... 15 
2.4 Guided Wave Transducers......................................................... 17 
2.4.1 Piezocomposite Transducers (PZT) ................................ 18 
2.4.2 Magnetic Transducers (MT) ............................................. 21 
The Electromagnetic Acoustic Transducer (EMAT) .............................. 21 
The Magnetostrictive Transducer (MsT)................................................ 23 
Magnetostrictive effect in iron, nickel and cobalt ................................. 25 
2.5 Magnetostrictive sensor technology ......................................... 29 
2.5.1 Development and validation of the new magnetostrictive 
sensor  ......................................................................................... 33 
2.5.2 Particular applications of magnetostrictive sensors ...... 36 
2.5.3 Known limitations of magnetostrictive GW sensors....... 37 
CHAPTER 3 EFFECTIVE MEANS FOR SOLVING THE INVERSE 
PROBLEM OF DEFECT CHARACTERIZATION IN GW-NDT ................. 39 
3.1 Review of existing methods ....................................................... 40 
Defect Characterization in NDT.............................................................. 40 
Defect characterization in GW-NDT ....................................................... 41 
3.2 Methods, signal features and instruments used for the present 
study ................................................................................................. 42 
3.2.1 Classification methods .................................................... 42 
Support Vector Machine......................................................................... 42 
Regression methods .............................................................................. 45 
3.2.2 Features ........................................................................... 46 
3.2.3 Instruments and Methods ............................................... 47 
X 
 
3.3 Experimental Tests using magnetostrictive sensors ................ 48 
3.3.1 Pipes used in the experiments ........................................ 50 
3.3.2 Realization of artificial defects and their characteristics 52 
3.3.3 Description of experimental tests ................................... 58 
Laboratory 8 inches OD pipe ................................................................. 58 
On-field 10 inches pipe .......................................................................... 60 
In-service 6 inches gas pipeline ............................................................ 61 
3.4 Numerical simulations ............................................................... 64 
CHAPTER 4 DEVELOPMENT OF DEFECT CHARACTERIZATION 
ALGORITHM  ..................................................................................... 71 
4.1 Phases of defect characterization ............................................. 72 
4.2 Determination of axial extent – dz ............................................. 75 
4.2.1 Description of methods ................................................... 75 
a) Single-frequency test..................................................................... 75 
b) Multi-frequency scanning .............................................................. 77 
4.2.2 Experimental validation ................................................... 81 
4.3 Determination of angular extent – dθ ........................................ 83 
4.3.1 Initial observations .......................................................... 83 
4.3.2 Signal features for the angular extent ............................. 86 
Sum of Euclidean Distances – SED ....................................................... 87 
Flexural-to-Torsional Ratio – FTR .......................................................... 89 
4.3.3 Description of methods ................................................... 92 
Regression methods .............................................................................. 93 
Support Vector Machine – SVM ........................................................... 100 
4.4 Determination of radial extent – dr .......................................... 104 
4.4.1 Description of methods ................................................. 104 
4.4.2 Experimental validation ................................................. 109 
CHAPTER 5 RESULTS OF 3D CHARACTERIZATION..................... 111 
5.1 Results for axial length computing .......................................... 112 
5.2 Results for angular extent computing ..................................... 114 
5.2.1 Support Vector Machine – SVM using SED and FTR .... 114 
5.2.2 Regression methods with SED...................................... 116 
5.2.3 Regression methods with FTR ...................................... 117 
5.3 Results for radial extent computing ........................................ 120 
5.3.1 Errors on the computation of the cross-sectional area 120 
5.3.2 Errors on the computation of the radial depth .............. 122 
CHAPTER 6 CONCLUSIONS AND FURTHER DEVELOPMENTS .... 125 
REFERENCES .................................................................................... 127 
XI 
 
XII 
 
1 
 
CHAPTER 1 Introduction 
Nowadays piping systems can be seen in all the industry branches: they are found 
in nuclear power plants, in petro-chemical industry, in the systems of distribution of 
liquids (water, oil) or gas. Because of the nature of the constituents transported in 
these pipelines, their security must be of great concern and drive the improvement 
of the quality of the inspection and monitoring techniques.  
The pipeline industry relies on methods of NDT that are the only inspection 
techniques able to detect and characterize their degree of degradation and 
damage. The flaws that occur can compromise the safety of the components 
having direct implication on the plants and environment. 
With time in the pipe systems can appear different kinds of defects and anomalies 
due to natural conditions or because of the elbows imperfections in the pipeline 
installation process. Also, the breakage of the pipe coating can conduct at the 
creation of corrosion flaws in their structure. The types of defects that can be found 
on pipes can be categorized as follows: metal loss corrosion, metallurgical 
anomalies, geometrical anomalies and cracks.  
According to this aspect, the automated detection and characterization of the 
defects that occur in pipe systems is a long standing challenge among the non-
destructive evaluation methods in general. Knowing the three geometrical 
characteristics (axial, angular and radial extent) of the flaws and their position on 
the pipe can drive us to a better understanding of the degree of integrity of the 
analysed structure, in order to improve the conditions of operating and to avoid the 
liquid or gas leakage from the pipe systems and thus to increase the safety of the 
exploitation of the plants. 
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1.1 Motivation  
The Guided Wave NDT technique is a relatively new non-destructive testing 
method used for long range inspection and monitoring. Guided waves are 
mechanical or elastic waves propagating in a confined medium (plates, pipes), on 
ultrasonic and sonic frequencies traveling along the structure, guided by its 
geometrical borders. They can propagate in various frequencies and modes: 
torsional, flexural, and longitudinal.  
The Guided Wave (GW) method is similar to the ultrasonic testing method except 
for the frequencies of the wave that are in the lower ultrasound range and the 
propagation which is in the longitudinal direction and guided by the structure‟s 
geometry. 
GW-NDT can serve as a useful tool for evaluating the integrity of metallic 
structures as integrated parts of in petrochemical industrial plants, used also in 
nuclear and electrical power generation and distribution of water and gas. GW-NDT 
are able to inspect long sections of pipeline from a single application point under 
insulation and to reach pipe segments placed in inaccessible areas like river 
crossings, bridges etc. They are reliable and become even more cost effective if 
the sensors are installed permanently to perform continuous monitoring of the pipe 
integrity, while in-service. Instruments that generate and receive GW are based on 
piezoelectric or magnetostrictive transducers which are disposed as a collar 
completely surrounding the pipe circumference. 
Piezoelectric systems (PZT) are configured as a multi-channel collar able to 
generate and receive GW signals in multiple points around the circumference. This 
configuration allows also techniques like focusing that help in the process of defect 
characterization. The focusing technique is however, limited in the cases of small 
OD pipes or at long distances sensor-defect. Another method to estimate the 
defect size is based on information provided by the amplitude of the reflected 
waves or the amplitude of the wave modes other than the transmitted one. This 
has its limits related to the number of elements of the collar surrounding the 
circumference and to the pipe geometry that in some cases can be complicated. 
Other limitations of piezoelectric elements are given by the range of temperature at 
which they are usable, which is between -40°C and 180°C. 
On the other hand, magnetostrictive guided-wave systems can be described as a 
single continuous transducing element attached to the pipe and surrounding the 
circumference independently of the pipe size. With this configuration the generated 
wave mode is always symmetrical (torsional) and no asymmetrical modes are 
generated. In addition, less wave control can be achieved with a single channel 
transmitter. In the acquisition process, asymmetrical modes generated by defects 
can be observed with certain difficulty because of the use of a single receiver.  
There have been lately developments of magnetostrictive systems consisting of 
collar of elements used for both transmission and reception of GW. They present, 
however, the same limitations like the PZT systems related to the limited number of 
elements that can bring to the generation of unwanted flexural modes, together 
with the desired torsionals. 
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The guided-wave magnetostrictive system used in this research for the acquisition 
of the signals from the inspected defects and pipes consists of a continuous 
transducer as described earlier for the generation of symmetrical torsional waves 
while the acquisition system is formed of a collar of sensors which work 
independently and give an important possibility of acquiring the received signals in 
multiple circumferential points of the same axial plane on the pipe. Since the 
development of this new type of GW acquisition systems there have been attempts 
to use it for the characterization of defects. However, these had been limited to 
rough estimation of defect length and of the cross-sectional area using information 
provided by the amplitude of the reflected signals. 
As previously stated, existing guided wave technology, provide low-level 
information on the geometrical characteristics of defects that were detected during 
GW-NDT inspection or monitoring of pipes. The existence of a method or software 
able to provide this information would bring an important improvement to this long-
range NDT technology. 
There is extensive research work documented in the NDT literature that describes 
algorithms for defect characterization. They are mainly based on classification 
techniques like neural networks, k-nearest neighbour, space mapping or support 
vector machine (SVM) and signal processing methods for feature extraction like 
wavelet and Fourier transform or rely on the extraction of features like correlation 
coefficients or wavelet or Fourier coefficients. The implementation of these 
algorithms is, however, related in most of the cases to local NDT techniques, while 
results of defect characterization with guided-wave NDT use amplitude or phase 
information or focusing techniques and are limited to large approximations of the 
cross-sectional loss or axial length of the defect. Guided-wave NDT remains 
therefore a method of screening which is reliable only for the good localization of 
defects along the pipe axial dimension. 
Estimation of the cross-sectional loss gives limited information on the gravity of the 
defect, while knowing the radial depth of a defect or the remaining wall thickness 
would allow the plant operator to understand how imminent a fluid leak is and to 
decide immediately on further actions to ensure the safety of operation. 
As previously described, existing guided wave technology, provide low level 
information on the geometrical characteristics of defects that were detected during 
inspection or monitoring of pipes. The existence of a method or software able to 
provide this information would bring an important improvement to this long-range 
NDT technology. 
There is therefore the need for a new method for defect characterization in guided-
wave NDT that would be able to give a fair approximation for all the three 
dimensions of a defect. 
It is the purpose of this thesis to describe the development of new methods and 
algorithms for 3D defect characterization from signals acquired with a guided-wave 
NDT instrument. 
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1.2 Problem Statement and Research Questions  
This research focuses on the development of an algorithm and computer software 
that can extract from the raw signals acquired by the guided wave sensors the 
main features and furthermore can interpret and analyse them. Finally, the 
software must characterize a defect revealed with this type of sensor, being able to 
tell the exact position on pipe and its geometrical attributes. 
The extraction and determination of the 3D characteristics of the defects within 
pipe systems from data acquired by a guided wave NDT instrument represents in 
fact finding the right solution for an inverse problem.  
In order to succeed in this purpose we must overcome first some major difficulties 
by: 
 Finding the most suitable modes of wave propagation and frequencies 
used in the measurements, among the multitude of guided wave modes 
that characterise propagation in pipes. 
 Performing a deep analysis of waveform responses on different geometries 
of pipes and defects using also waveform signals provided by numerical 
simulations software. 
 Finding within guided wave signals those features that can provide useful 
information on discontinuities. 
 Extracting the most useful features that can be inserted in a classification 
algorithm in order to provide a good description of the 3D geometrical 
characteristics of the defects detected on the pipeline. 
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1.3 Thesis overview 
The purpose of this thesis is to present the development and the implementation of 
an algorithm that helps to find the main characteristics of the defects eventually 
present in pipelines or piping systems, like the axial, radial and the angular extents. 
This achievement will improve the correct investigation of the pipes integrity and 
assure the safety of industrial plants, in conformity with the official regulations. 
After the discussion of the necessity of tri-dimensional characterization of defects 
and the presentation of the most important tasks that need to be considered for the 
achievement of this goal, this thesis will focus on the presentation of the most 
important local and long range inspection NDT techniques and of the development 
of the analysis algorithm and methods used for the characterization of defects. 
Further, particular cases will be presented on the implementation of this algorithm 
on real defects placed on different types of pipes, while the error analysis of all the 
investigated simulated or real defects will be presented along with the discussion of 
the obtained results. In the end, several conclusions and possible further 
developments of the analysis algorithm will be discussed. 
The thesis comprises 6 chapters, each one divided in several sub-sections. 
Chapter 2 presents the importance of the NDT investigation methods in particular 
for the pipe systems inspection, listing the possible flaws and anomalies that occur 
in the in-service pipes. Also, the local inspection techniques along with their 
principle of functionality will be described. In addition, the long range guided wave 
properties and modes will be discussed along with the most used long-range 
guided waves investigation methods and the description of the transducers used in 
guided-wave inspection: piezoelectric and magnetic transducers.  
Next the discussion will focus on the presentation of the magnetostrictive sensor 
technology, pointing out their benefits and limitations together with their particular 
applications. The development and the functionality of a magnetostrictive sensor 
with an innovative punctual acquisition will be presented, this being the system 
used for the acquisition of the guided wave response signals from the inspected 
defects, signals later analysed with the characterization algorithm. 
In Chapters 3, 4 and 5 the algorithm for the geometrical characterization of defects 
and the methods used will be described. As a first step, the inverse problem will be 
defined for the defects characterization along with the presentation of the other 
methods available in the scientific literature that tried to resolve it. Further the 
parameters of the experimental tests will be described along with the investigated 
pipe types and the geometrical characteristics for each inspected defect specifying 
the modality of their construction. Also the procedure used for the simulated pipes 
and defects will be mentioned together with their properties. Next the development 
of the defect characterization algorithm will be described in detail, specifying the 
methods used for finding the three main characteristics of a flaw: the axial extent, 
the angular extent and the radial extent. Finally, the results and the study of errors 
for each of the computed characteristic of a defect and a discussion of these 
results will be presented.  
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Chapter 6 will debate the conclusions of the functionality of the new algorithm that 
analyses and characterizes the defects that occur in the pipe systems. Other 
possible developments of this algorithm for the improvement of its capacity of 
defect characterization and for the reliability of its implementation will be presented.  
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CHAPTER 2 Guided Wave – NDT 
Non-Destructive Evaluation (NDE) is a multi-disciplinary field that refers to quality 
control and examination techniques for characterization of the materials, tissues 
and structures by non-invasive means [4].  
Its area of applications includes a broad range of activities: security screening, 
manufacturing process control, medical diagnosis, intelligent robotics and others.  
Among all the other disciplines that are comprised in the NDE field, the non-
destructive testing (NDT) deals with the evaluation of the material structure, as a 
very necessary quality control issue in various industrial fields. 
The pipeline industry relies on methods of NDT that are the only inspection 
techniques able to detect and characterize their degree of degradation and 
damage. The flaws that occur can compromise the safety of the components 
having direct implication on the plants and environment. [3] 
 
With time in the pipe systems can appear different kinds of defects and anomalies 
due to natural conditions or because of the elbows imperfections in the pipeline 
installation process. Also, the breakage of the piping coating can conduct at the 
emergence of the flaws in their structure.  
There are many types of defects that can be found on tubes. Table 2-1 lists several 
of the typical anomalies, some being presented in [1], [2]. 
 
 
 
Table 2-1 Distinctive anomalies found on pipes structures 
Type of imperfection Examples 
Metal Loss / Corrosion External or internal pitting, stress 
corrosion cracking (SCC), selective 
seam corrosion, chemical  or 
electrochemical erosion,   
Metallurgical Anomalies Hard spots, slivers, scabs, inclusions, 
laminations, other various 
imperfections and defects 
Geometrical Anomalies Dents, buckles and pipe ovality 
Cracks Fatigue cracks, stress corrosion and 
weld defects 
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2.1 Guided-Wave technique as an integrated part of the NDT 
methods family  
The NDT methods used for the evaluation of the integrity of the pipeline‟s structure 
can be divided in two main categories: 
 Techniques developed for local inspection 
 Techniques for long range inspection 
We will try to summarize below the most important NDT local methods used in the 
field of inspection of structure‟s integrity in pipe systems, as they partially appear in 
[4]: 
 
 Ultrasonic Testing (UT) – the basic principle consist of a transducer that 
transforms a voltage pulse into an ultrasonic pulse. This technique uses 
high frequency waves traveling through the object‟s structure responding to 
its geometry. This signal is reconverted into an electrical pulse and 
analysed on an oscilloscope. Its shape can provide precise information 
about the mechanical properties, structure‟s integrity and the presence of 
any defect. 
 Eddy Current Testing (EC) – uses a magnetic field to create multiple 
induced currents. An alternating current produces an alternating magnetic 
field and its interaction with the object that needs to be tested generates 
eddy currents. The resulting phenomenon is known as "mutual induction". 
The presence of any defect causes a change in the eddy current and a 
correspondent variation in the amplitude and the phase of the measured 
current. 
 Magnetic Flux Leakage (MFL) – this method detects volumetrically 
changes and consists in applying a strong external magnetic field that 
magnetizes the steel. On the areas where the material suffers from 
corrosion the magnetic field leaks from the steel and it can be observed an 
anomaly in its behaviour and this can conduct to the detection of the 
regions of corrosion. 
 Radiography Testing (RT) – makes use of X-rays or gamma rays. The 
basic principle of this technique rests in the penetration of the radiation 
through a solid object, producing an image of the object‟s internal 
structure. The different densities and thicknesses of the object are 
connected with the amount of energy absorbed by the material, and in this 
way the anomalies from its structure can be observed.  
 
Most of the local NDT techniques are able to provide the location of the defect, 
while some of them (UT, RT) can estimate its shape and size. However, local 
techniques have their application limited in the cases of large pipe extensions, 
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pipes that are not directly available (for being coated or buried or suspended for 
river-crossings) or because they are in service and stopping them would produce 
important economic losses. To overcome these drawbacks, there are techniques 
that inspect huge lengths of straight pipelines like PIGs (that implement one or 
more of the above techniques on devices that travel inside straight pipelines driven 
by the fluid flow) or techniques for long-range inspection like Guided-Wave NDT. 
As regards the second category, the long range inspection techniques refer to 
some local techniques, such as eddy current (EC), magnetic flux leakage (MFL) or 
ultrasonic testing (UT), that are integrated into a special type of machinery, called 
Intelligent Pipeline Inspection Gauges (Intelligent PIGs) that are used for in-line 
inspection. PIGs travel along the in-service pipeline, screening the pipes, (called 
piggable pipes) from their interior, putting in application one or another inspection 
technique.  
Nevertheless, this method for long range inspection which implies PIG technology, 
even very useful, its implementation can be limited in certain cases, as described in 
[7].  First of all for economic reasons, because in some cases, to begin the in-line 
inspection (ILI) it is necessary to interrupt the supply service temporary. Another 
concern is the length of the pipe to be inspected, that has to be rather long in order 
to make the PIG application economically convenient.  
Also, the operating pressure and the flow rate within the pipe affect the 
performance of examination of the ILI tools. Some pipes can affect ILI because 
they are deformed or have mechanical damage, as dents, or present many curves 
and elbows which will obstruct the PIG‟s inspection. 
On behalf of these motives and for others which are not mention here, it is imposed 
to find an answer that can eliminate this great deficiency, knowing from some 
statistics that about one third of the pipelines worldwide are un-piggable [35]. 
The solution that can solve this problem can be the Guided Wave technique which 
is a relatively new non-destructive testing method used for long range inspection 
and monitoring. 
The Guided Wave method is similar to the ultrasonic testing method schematically 
showed in Figure 2-1 [60] except for the frequencies of the wave that are in the 
lower ultrasound range and the propagation which is in the longitudinal direction 
and guided by the structure‟s geometry. Low frequency guided waves have thus 
lower attenuation rates and, thus it can be applied for the inspection of long pipe 
segments in contrast to the ultrasonic testing which is used only in local 
investigations. For its abilities to inspect large structures, this technique has been 
used on monitoring and inspection of pipelines, plates, railway rails and other 
structural sheet piles.  
The Guided Wave technique can be applied on three modalities depending on the 
main groups of frequencies in which can perform the investigation: on high 
frequencies (greater than 1 MHz), medium (from about 250 KHz to 1 MHz) and low 
frequencies (up to 250 KHz). On a high frequency the inspection range decreases 
to less than 1 m and it‟s used at the detection in detail, of the small defects. In the 
medium range, the inspected zone is extended to a few m, being applied at the 
inspection of tubes, plates, pipes and aircrafts. The lowest frequencies group up to 
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250 KHz, is used for the inspection of large structures, and are called Long Range 
Guided Waves (LRGW).  
In this way it can be determined some properties of the material, such as density or 
the elastic constants, its geometry and, the most important part of all, the presence 
of any particular flaw, corrosion and discontinuities of the structure. 
Its capability to examine with minimum of energy and low attenuation tens of 
meters of pipeline from a single transducer position achieving 100% volumetric 
inspection and to analyse the unreachable areas with excellent results in screening 
and defect localization make from this technique a valuable response to the 
drawbacks of the other methods described in this section. [5] 
 
 
 
The Guided Waves technique with frequencies comprised in the range 20 to100 
kHz has been used intensively in non-destructive testing of industrial pipelines, at 
the detection of corrosion flaws and other types of defects [9]. 
 
Figure 2-1 – The basic principle of the functionality of a local ultrasonic 
transducer in pulse-echo mode 
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2.2 Long Range Guided Wave properties and modes 
Guided waves are mechanical or elastic waves propagating in a confined medium 
(plates, pipes), on ultrasonic and sonic frequencies traveling along the structure of 
the medium, guided by its geometrical borders, with the propriety that they can 
travel long distances with minimum of attenuation. [36] 
The velocities with which the guided waves travel are influenced by two important 
factors: the wave frequencies and the geometry of the medium of its propagation.  
The guided waves propagate in bounded media. For different structures, there are 
different types of waves [11]: Rayleigh waves – surface waves propagating on an 
elliptic trajectory, along the free surface of a half space – in this case the structure‟s 
particles move in the plane of wave‟s propagation; Love waves – horizontal 
dispersive surface waves - reflected between internal boundaries of an elastic 
body. 
In plates longitudinal waves called Lamb Waves – particle displacement is in the 
plane defined by the plate, normal to the direction of wave propagation, guided by 
the boundaries of the media in which they propagate – existing in symmetric (S) 
and asymmetric (A) modes, and shear horizontal waves (SH) – waves in which the 
particle displacement is parallel to the incidence surface. 
In pipes, longitudinal waves – waves whose particles motion have the direction 
parallel to or along the direction of propagation of the wave; torsional waves – in 
which the particles‟ movements are periodical rotations around the direction of the 
propagation of the wave. 
Moreover, for an exact frequency the guided wave can propagate in different 
modes and orders: 
 The torsional modes (T-modes) are shear waves that propagate in the 
axial direction of the cylinder, with the displacement are constant on the 
circumferential direction of the pipe. 
 The longitudinal modes (L-modes) consist in the movement of the particles 
in axial and radial directions of the pipe. 
 The flexural modes (F-modes) are motions that depend on the 
circumferential position on the pipes.  
 
Basic theory of Guided Wave propagation  
 
In an homogenous isotropic elastic solid, the displacement field, u(r,t), is given by 
the Navier‟s equation [49], this being the wave equation that describes the 
propagation of elastic waves: 
 
                         ̈                                                                         (2-1) 
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where: 
u represents the displacement vector 
                                                                                                        (2-2) 
 
µ and λ are Lamè‟s elasticity constants of the material and ρ is the density. 
 
f is the vector of the body forces: 
                                                                                                           (2-3) 
 
Introducing the scalar and the vector potentials Φ and H the Navier‟s equation can 
be rewrite as: 
 
    2  )             ̈  
                                                                                                                            (2-4) 
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In absence of the body forces the equations are: 
 
                     ̈                                                                                   (2-5) 
 
and: 
 
      
 
    
 ̈  
 
  
 
   
   
 
                                                                                                                            (2-6) 
      
 
 
 ̈  
 
  
 
   
   
 
 
Thus, it is possible to deduce the velocities of the longitudinal and torsional wave 
modes, c1 and respectively, c2: 
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Considering the cylindrical coordinates, r, θ and z, the wave equations of a hollow 
cylinder can be written as follows: 
 
                                                                       (2-8)
  
                        
                        
                        
 
 
The variation of velocity with frequency, wave mode, pipe, diameter and wall 
thickness is illustrated by means of the dispersion curves.  
The modes are labelled L(0,n), T(0,n) and F(m,n) and they, respectively, referring 
to longitudinal, torsional and flexural modes. The first index m specifies the order of 
harmonic variation of displacement and stresses around the circumference and the 
second index n is a counter variable. 
As it can be seen in the Figure 2-2 [36], which shows the group velocities 
dispersion curves, there are many modes below 100 kHz, and so it is very 
important that only some of them to be used, in order to obtain signals that can be 
subsequently analysed. 
The longitudinal and torsional modes are often used for detection of the defects in 
pipes that are asymmetric. However, because of their wave structure 
characteristics, the sensitivities of these two modes have great variations. In the 
case of longitudinal modes the axial and radial displacements components are 
non-zero while the angular displacements are zero.  
As we can see, the longitudinal mode L(0,1) is very dispersive, having high velocity 
variations with frequency, meanwhile the L(0,2) mode doesn‟t exist at frequencies 
below 15 kHz, but its velocity becomes almost constant at frequencies higher than 
30 kHz. Because of their wave structure, longitudinal modes are sometimes used 
for detection of the circumferential defects in pipes [12]. 
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Because it is not dispersive, unlike the other modes, the T(0,1) mode is frequently 
used to detect the flaws in pipes, being very attractive for its signal shape and 
amplitude that remain stable with the augmentation of the wave frequency.  
Also, there is a vast range of flexural modes, F(m,n), that can be useful for the fact 
that their motion is strictly connected with the angular displacement in the structure 
of the pipe. By choosing the right flexural mode from the multitude of modes of this 
type important clues can be found in the tentative of the angular characterization of 
the possible defects, knowing that the flexural waves have a strong connectivity 
with the circumferential structure‟s displacements in pipes. 
  
 
Figure 2-2 – Group velocities dispersion curve for different long range guided 
wave modes 
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2.3 Pipe systems inspection and monitoring – necessity for 
Guided-Wave NDT 
International regulations are very strict about the safety norms and activity of the 
pipeline systems, to assure a good functionality and to prevent the material 
damages, ecological imbalances and the loss of human lives, which could be 
caused by the malfunctions, occurred in the pipeline systems. 
Some of the commonly pipeline safety regulations for most of the countries (like 
Germany, United Kingdom, United States, Canada, Australia, Japan and others), 
as they appear in [21], are:  
 Class Location – classification by population density, emplacement, the 
proximity of pipes to public edifices, pipe diameter; 
 Material Qualification – general requests for the quality of the material for 
pipeline systems; 
 Pipeline Construction – discuss about welding of steel pipes or joining 
method other than welding, transmission lines and structural protection; 
 Pipeline Corrosion Protection – rules for the safety of the metallic 
pipeline from corrosion factors by coating or cathodic protection 
 Pipeline Operation and Maintenance – operational topics debated here 
are: rules for procedure manual for operation, maintenance, emergency 
and personal qualification (containing failure examination, leakage 
examination, repairing methods, inspection and testing of all pipeline 
systems components) 
 Pipeline Integrity Management – requirements for integrity assessment 
method, like internal inspection, direct inspection and the before re-
inspection. 
 
Along with the aging of the constitutive elements of these plants increases the 
probability of the appearance within them of the defects of any kind, but especially 
corrosion, so they must be checked permanently. 
For this constant concern, the corporations must verify periodically the structural 
integrity of the plants, preferably through an on-line inspection (because in this way 
is not necessary to stop the activity of the plants). In addition it can be done a 
continuous monitoring of the pipelines.  
The developed modern tools for on-line inspection can face successfully many 
challenges, each technique having its advantages and weaknesses. Because of 
this fact NDT investigation methods can be correlated in order to improve the 
potential of pipelines inspection. 
Among the long range methods afore-mentioned, in the last decade the ultrasonic 
guided waves technique captured the interest of more and more companies which 
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perform their activity in this large industry, for the good rapport between costs and 
efficiency and for the rapidity of this investigation method. 
The guided wave technique can be used in many situations in which the other on-
line inspection technique cannot prevail. It can investigate long pipe tracts which 
due to their position or geometry remain inaccessible to the local inspection 
techniques as well as for the PIG systems.  
The causes are multiple: their localization under bridges, roads, on underground 
passages, buried or suspended over watercourses; or because of the multiple 
ramifications and for the small diameter of some of the pipes. 
This technique can assure also a periodic or even a complete structural health 
monitoring (SHM) process that can guarantee the safety of the pipeline systems. 
The implementation of a monitoring system can be done relatively easily and 
sometimes could be the best action to take for the good functionality of the plants. 
[22] 
In all these conditions as well as for other technical and economic considerations, 
as the necessity of a rapid and efficient inspection or the inability to stop the 
transport process of the fluids and gas through the pipe systems, the long range 
guided waves inspection technique is of real importance. 
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2.4 Guided Wave Transducers 
The ultrasonic guided waves are generated with a transmitter – receiver system 
consisting of a transducer working in pulse-echo manner, meaning that the same 
transducer emits a signal and receives its echo response. The other possible 
configuration is a pair of transducers, the first of them having role of transmitter and 
the second receiving the reflected signal. This mode is known as pitch-catch mode. 
The transmitting GW transducer transforms a voltage pulse into a guided wave. 
The guided waves travel through the object‟s structure, and provide a characteristic 
response to the features of the inspected structure and its geometry. 
Then, the signal is received and transformed back into an electric pulse that can be 
visualized on an oscilloscope [10]. The operating model of a transducer is 
schematically showed in Figure 2-3 [61]. 
The response signal is capable to reveal many characteristics of the inspected 
object. Knowing the velocities of the transmitted wave modes it can be easy to 
determine the distance from the transducer to a certain discontinuity of the pipe, be 
it the pipe‟s welds or supports, or an anomaly emerged in its structure (one of the 
many types of defects described above: corrosion, cracks).  
When finding such flaws, the guided wave is reflected to the receiving transducer, 
modifying its shape in function of the characteristics of the encountered defect. 
Thus, with this system of transducers and trough some observations on the 
received signals it is possible an identification of the defect type revealed in the 
structure, and furthermore, a characterization of the defect geometric features. 
 
 
 
This fact can give us a complete image over the gravity of the problem occurred in 
the pipe, and can help in taking the right actions in order to prevent a possible 
malfunction of the pipe system with all their consequences. 
 
Figure 2-3 – Guided wave transducer system working in pulse echo mode 
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So, a transducer transforms the electric pulse into ultrasonic waves and, 
successively, he transduces back the wave signal into an electric signal. 
These transducers differ in their construction, depending on how they generate the 
ultrasonic waves. The most common systems of transducers used in the inspection 
of pipelines are the piezoelectric transducers and magnetic transducers (MT). 
2.4.1 Piezocomposite Transducers (PZT) 
This type of transducer is widely used in our days for the generation of ultrasonic 
waves in the inspection of pipe systems. 
The functionality of the piezoelectric transducers is based on the piezoelectric 
effect. The direct piezoelectric effect, discovered by the Curie brothers in 1880 
consist of a piezoelectric material, which is capable to respond to a material 
deformation, generating an electrical charge on its surface. [4] 
In exchange, the inverse piezoelectric effect discovered by Lippman a year later, 
produces a mechanical deformation when an electrical field is applied to the 
piezoelectric material. With the help of the inverse piezoelectric effect it can be 
measured the capacity of a material to generate ultrasounds. 
Among the most usual piezoelectric materials used in the construction of the PZT 
transducers are quartz crystals  or other piezocomposite artificially made like 
polycrystals, piezoceramics – barium titanate (BaTi), lead zirconate titanate (PZT), 
and lead metaniobate (PMN) – to improve the charge sensitivity and to increase 
the temperature at which they can operate. 
In these materials, the effect takes place by the displacement of structure‟s ions 
that have non-symmetrical unit cells. The crystal being compressed, the ions from 
each unit cell are displaced, causing the electric polarization of the cell. In the 
presence of an electric field, the ions from the cells are displaced by electrostatic 
forces, this fact causing a mechanical deformation of the entire material [13], as it 
is presented in Figure 2-4 [62]. 
Thus, the procedure of the piezoelectric transducers functionality rely on the 
conversion of the electric signal into ultrasonic waves or other mechanical 
vibrations and to convert the mechanical vibrations back into electrical signals. In 
this way the piezocomposite material, which is the active part of the PZT 
transducer, can act in both modes, as a transmitter and as a receiver, converting 
back the wave-response of the material structure into an electrical pulse that can 
be thereafter analysed.  
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Nevertheless, these piezocomposite materials are fabricated to have the best 
proprieties as a receiver or as a transmitter because a piezoelectric transmitter will 
not work at its maximum capacity also as a receiver [67].  
For a PZT transducer to be efficient in localizing the defects near the surface or in 
its proximity, it requires to be a highly dumped transducer [67]. In addition, it is very 
important how to choose a piezoelectric element. A highly dumped transducer 
produces a large range of frequencies above and below the central frequency that 
can be used in the examination of the structure and, consequently, a high resolving 
power of the transducer. 
In the other case, the less dumped transducers will have a narrower frequency 
range, this meaning that will have a more exclusivist resolving power but will go 
deeper into the material structure having a more penetrating power. 
Hence, the central frequency is very important in the further utilization of the 
piezoelectric transducer. A transducer with the low middle frequency, from about 
0.5 MHz to few MHz, will provide a greater energy and material penetration and the 
higher central frequencies (15 MHz – 25 MHz) offer a more reduced penetration 
but a greater sensitivity in resolution for the detection of small flaws within the 
investigated object.  
In the case of the piezoelectric transducers that are used to generate ultrasonic 
guided waves, the central frequency would be lower, having therefore, the 
capability to generate high mechanical energy and therefore deep penetration [14]. 
The piezoelectric guided wave transducers generally consist of multiple 
piezoelectric elements gathered in one or more rings enclosed on the 
 
Figure 2-4 – Piezoelectric effect 
20 
 
circumference of the pipe. An example of piezoelectric guided wave transducer ring 
is shown in Figure 2-5 [63].  
 
 
 
Usually the transmitted wave with this device is a torsional wave, T(0,1), preferred 
for its constant velocity over the total range of frequencies, thus being non-
dispersive. This means that only two rings of transducers are required to obtain this 
single wave mode. [8] 
Usually, piezoelectric GW systems are configured as a multi-channel collar able to 
generate and receive GW signals in multiple points around the circumference. This 
configuration allows also techniques like focusing that help in the process of defect 
characterization. The focusing technique is however, limited in the cases of small 
OD pipes or at long distances sensor-defect. Another method to estimate the 
defect size is based on information provided by the amplitude of the reflected 
waves or the amplitude of the wave modes other than the transmitted one. This 
has its limits related to the number of elements of the collar surrounding the 
circumference and to the pipe geometry that in some cases can be complicated. 
Other specific advantages of PZT guided wave transducers are (from [70]): 
- They don‟t need couplant: it is possible to attach them directly in contact 
with the pipe wall 
- The use of a large number of transducing elements in a collar allows a 
better control of the generated guided wave like the focalisation of the 
transmitted wave in a certain point on the pipe circumference; 
 
Figure 2-5 – Solid transducer for 8 inch pipe consisting of dry coupled 
piezoelectric transducers 
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- Can implement multimode inspection without changing the collar.  
- Advanced collar configurations have been developed for a multitude of 
applications (in-line inspection device, subsea equipment, tube inspection, 
rail inspection). 
Among the drawbacks we can remind: 
- High cost of PZT elements that makes the collars less preferred for 
permanent installation for long-term monitoring; 
- The short range of temperatures at wich the technology can be applied 
(between -40°C and 180°C) which limits the equipment from the 
application in the field of cryogenic fluids or high temperature applications 
for example in refineries. 
- Low flexibility: for different pipe diameters, different collars have to be 
used. 
2.4.2 Magnetic Transducers (MT) 
As we saw previously, a piezoelectric transducer is a device that produces 
mechanical deformation by applying an electric field across the active element 
generating ultrasonic vibrations that propagate in the structure and, respectively, 
receives the wave response from the structure, converting the signal back into an 
electric pulse.  
The basic principle of a magnetic transducer consists in the application of a 
magnetic field on the active element of the transducer, producing mechanical 
deformation of the active element, thus, generating ultrasonic waves and vice-
versa. 
Among the most used transducers of this type, we consider as very important to 
mention two of them: 
 
 The Electromagnetic Acoustic Transducer (EMAT) 
 The Magnetostrictive Transducer (MsT) 
The Electromagnetic Acoustic Transducer (EMAT) 
A short description of the EMAT technology that can be read in [15], mentions that 
the system is composed of a magnet and a coil of wire and uses as functionality 
principle the Lorentz forces and the magnetostriction effect to generate an acoustic 
wave within the object‟s structure. 
As we can see in Figure 2-6 [16], a magnetic field is applied to the object. The 
EMAT is placed into a magnetic field. Then an AC current is conducted through a 
RF coil of the electromagnetic acoustic transducer into the object, producing an 
eddy current. This interacts with the magnetic field generating stress in the metal 
and then producing ultrasonic waves. The combined frequency of the current with 
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the position of the magnetic field, the profile of the transducer and the thickness of 
the object determine the mode of the generated ultrasonic waves. 
 
 
EMAT does not need couplants, making it appropriate for automated in-line 
inspection (ILI), allowing operations at high temperatures and in remote locations. 
Unlike the other ultrasonic inspection techniques that use only the shear vertical 
(SV) wave mode with angles between 30 and 60
o
, the electromagnetic acoustic 
transducer is capable of generating and detecting a wide range of wave modes like 
polarized shear waves as well as normal and angle beams of horizontally polarized 
shear waves (SH) and straight beams of linearly or radially polarized shear waves 
[16].  
In the case of SV waves modes utilized by conventional UT exists a limitation in the 
weld inspection because of the inability of covering the full vertical volume of the 
material and in some cases the flaws can even limit the total inspection. 
The use of the SH mode of guided waves used by the electromagnetic acoustic 
transducer can give it some advantages: 
 These waves don‟t mode convert when striking the surfaces that are 
parallel to the direction of polarization 
 At an angle of 90o the SH waves fill all the volume of the structure 
permitting the examination of the entire cross-section of the pipe 
 The separation between the transmitter and the receiver parts permits the 
normalization of the signal, assuring the maximum of reliability.  
The differences between the two modes of the guided waves are schematically 
presented in Figure 2-7 [15]. 
 
 
Figure 2-6 – Electromagnetic acoustic transducer (EMAT) 
23 
 
 
 
Due to the large size of the permanent magnets needed for the generation of low 
frequency guided waves, the use of EMATs for long range inspection is limited at a 
few meters from the application point due to the high attenuation of the high 
frequency guided waves. Consequently, EMATs are mainly used at relatively high 
frequencies to detect small defects inside the welds or over short ranges. 
Nevertheless, EMAT is a powerful and useful tool in ultrasonic guided waves 
testing, for automated inspection when applied together with the PIG technology or 
for short range and detailed inspection.  
The Magnetostrictive Transducer (MsT) 
The functionality of a magnetostrictive transducer relies on the magnetostrictive 
effect (or Joule effect). In ferromagnetic materials occur small changes in their 
geometry when is applied an external magnetic field. Contrary, mechanical stress 
and strains of the object‟s structure will cause a change in the magnetic induction 
of the ferromagnetic material; this effect is known as the inverse magnetostrictive 
effect or Villari effect [17]. 
A magnetostrictive sensor is generally composed [18] from a coil and a bias 
magnet, as is showed in Figure 2-8 [64]. The coil, which is used as a transmitter, 
applies a time-varying magnetic field generating an elastic wave in the structure of 
the investigated object through the magnetostrictive effect. 
Another or the same coil, used as a receiver detects the changes occurred in the 
magnetic induction of the material caused by the wave (the inverse 
magnetostrictive effect). 
A bias magnet is necessary to improve the efficiency of the transducer; this magnet 
could be a permanent magnet (an electromagnet) or a residual magnetization 
induced in the material [18]. 
 
 
 
Figure 2-7 – Comparison between the SV and SH waves’ modes 
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Using a power source the transmitting coil is activated with short pulses. The 
receiving coil detects the transmitted elastic waves induced by the changes in the 
magnetic induction of the material. 
The operating wave modes of the magnetostrictive transducer are given by the 
alignment between the direct current bias magnetic field and the time varying 
magnetic field produced by the transducer [23].  
The most used guided wave mode in magnetostrictive transducers for pipe 
inspection, among all other possible modes, is the torsional mode, T(0,1), because 
this particular mode is a non-dispersive one meaning that it doesn‟t change its 
velocity with the frequency.  
Another mode that can give precious information about the structure‟s material and 
possible flaws within the inspected pipe is the longitudinal mode, L(0,2) who‟s 
velocity respect to the frequency remain unchanged from a particular value of the 
frequency, of several kHz.  
In addition, in some conditions and with the help of some improvements of the 
guided wave transducer we can utilize also flexural modes from which can be 
extracted important features for the geometrical characterization of the defects.  
 
 
Figure 2-8 – Representation of the functionality principle of torsional wave mode 
generation in one of the possible configurations for the magnetostrictive 
transducer 
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All the possible modes for pipes, plates and rods that can be acquired with a 
guided waves magnetostrictive transducer along with their direct current 
magnetization requirements are listed in the Table 2-2 [6]. 
 
 
Magnetostrictive effect in iron, nickel and cobalt 
As previously explained the magnetostrictive effect was discovered by James 
Prescott Joule and reported in his paper, “Sturgeon's Annals of Electricity” in 1842. 
He observed that in the presence of a magnetic field a sample of ferromagnetic 
material (i.e. nickel) changes its length.  
The real motive of the length changing is that the material has a structure divided 
into small magnetic domains which are randomly arranged; by applying the 
magnetic field, these magnetic domains rotate and re-orientate, causing strains in 
the internal structure of the material. 
The reorientation of these domains can produce positive or negative 
magnetostriction. This means that the strains which lead to the alteration within the 
structure can cause a stretch of the ferromagnetic material, in the case of a positive 
magnetostriction, or an elongation, if is a negative magnetostriction [19], as in 
Figure 2-9 [65]. 
 
Table 2-2 Wave Mode and DC Bias Magnetization Requirement 
Wave mode Structure Required Direction of 
DC Bias Magnetization, 
H 
L-mode Pipe, Tube, Rod, Cable Along the lengthwise 
direction of the structure 
T-mode Pipe, Tube,  
Cylindrical Rod 
Along the circumferential 
direction of the structure 
F-mode Pipe, Tube,  
Cylindrical Rod 
Along the lengthwise 
direction of the structure 
Lamb-mode Plate Perpendicular to the 
length direction of the 
plate probe 
SH--mode Plate Parallel to the length 
direction of the plate 
probe 
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With the increase in the applied magnetic field the magnetic domains of the 
material are more definite orientated and will be totally align to the direction of the 
magnetic field. This fact means that the ferromagnetic material has achieved its 
point of saturation and that the strain factor (ΔL/L) has reached its maximum value. 
Figure 8 shows the manner in which the fractional strain varies with the applied 
magnetic field. If the magnetic field (H) is in the opposite direction, is considered to 
be negative, but the negative field produces the same elongation in the 
ferromagnetic material as the positive field does. 
The magnetostrictive effect lasts only as long as the magnetic field is active. When 
its action stops, the ferromagnetic probe return to its original state and dimensions, 
so material‟s magnetostriction is a reversible process. 
The other effect, called the Villari effect is an inverse magnetostrictive effect. If a 
ferromagnetic material is subject to a mechanical stress, then a change occurs in 
the magnetic flux density as a response to the creation of a magnetic field. This 
change in flux is proportional to the applied stress and can be detected by a 
receiver coil. 
Even if the most common used effects are the Joule and the Villari effects, related 
to the magnetostriction we can mention also the Wiedemann effect, discovered in 
1858 (similar to the Joule effect) which says that a ferromagnetic material placed in 
a longitudinal magnetic field has as a result a shear strain giving a torsional 
displacement of the ferromagnetic material.  
 
 
Figure 2-9 – Behavior of a ferromagnetic rod before and after the application of 
a magnetic field 
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The Matteucci effect is the inverse Wiedemann effect, thus twisting a ferromagnetic 
sample induces a variation in its magnetization this modification causing also the 
variation of the magnetic flux density. 
 
 
The most common materials with magnetostrictive properties are iron, nickel and 
cobalt. But there are many other ferromagnetic materials as well: rare-earth metals 
like gadolinium and dysprosium and compound elements. 
Once the initial magnetization process is started, the behaviour of the 
ferromagnetic materials has a history dependence called hysteresis. When the 
material is under the action of a magnetic field the magnetic domains will start to 
align with the magnetic field until all of them will line up with this field [20]. This is 
called the saturation point of magnetization (Bs).  
When the current is wound back to zero, the magnetization does not follow the 
previous curve, as is shown in Figure 2-10 [66], because the demagnetizing field is 
not strong enough to make the domains to reverse to the initial positions. This is 
called remnant magnetization (Br). To reduce the magnetization back to zero we 
must apply a magnetic field, called the coercive field (Hc). 
 
 
 
Figure 2-10 – Hysteresis of the magnetostrictive effect in ferromagnetic materials 
© DoITPoMS, University of Cambridge, Source: 
www.doitpoms.ac.uk/tlplib/ferromagnetic/hysteresis.php 
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Table 2-3 Curie temperature of Ferromagnetic Materials  
Material Tc (K) Tc (
o
C) 
Fe 1043 770 
Co 1388 1115 
Ni 627 354 
Gd 292 19 
Dy 88 -185 
CrO2 386 113 
MnAs 318 45 
MnBi 630 357 
EuO 69 -204 
 
The ferromagnetic ordering ends above a certain temperature, called the Curie 
temperature (Tc). This temperature depends on the material structure, being 
different from an element to another, as they appear in Table 2-3. Over these 
temperatures, the materials have a paramagnetic behaviour. 
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2.5 Magnetostrictive sensor technology 
The magnetostrictive sensor used for getting the signals from the studied pipes‟ 
structure, in order to interpret the response waves from the different forms of the 
defects, is modified guided waves transducer system developed at the University of 
Pisa. [27] 
The ulterior development of this magnetostrictive sensor led to certain facilities in 
the transmission and reception of the signal and it gave the possibility to obtain 
from the response guided wave additional valuable features that can be used for a 
further attempt of a better geometrical characterization of the defects. 
The principle of functionality of the MsS transducer is, in fact, the same activity 
principle of a magnetostrictive transducer described in section 2.4.2, as appears in 
Figure 2-11, conform to its operating manual [6]: 
 
 
 
It is composed of a ferromagnetic strip (typically nickel or iron-cobalt alloy) bonded 
to the pipe‟s circumference and a ribbon coil placed over the strip. After the 
activation of the coil with an electric pulse it generates a torsional guided wave in 
the strip attached to the pipe‟s wall which propagates through the pipe‟s structure. 
For the generation of the torsional wave it is used the Wiedemann effect.  
 
 
Figure 2-11 – MsS Instrument System setup 
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The reflected waves from the welds, defects or other pipe discontinuities are 
received by another coil and generate electric voltage signals that are filtered with 
the MsS Instrument and then acquired by a computer with an acquisition board.  
The signal received is then analysed by an MsS acquisition software as in Figure 
2-12 [6].  
 
 
According to [24], the MsS Instrument System which uses magnetostrictive 
technology presents many advantages over the other long range investigation 
methods, some of them being listed below: 
- Uses a magnetostrictive strip instead of the piezoelectric belt, fact that can 
have lower costs in the technique implementation; 
- The used magnetostrictive strip can easily be applied to all kinds of tube 
and pipe sizes (from 2 to 60 inches); 
- The magnetostrictive strip produces in-phase wave immediately being also 
able to generate an UGW under polyethylene insulation, thus without 
affecting the pipeline‟s protection; 
- Being inexpensive, the magnetostrictive strip can be also left attached to 
the pipe for further investigations or for monitoring; 
 
 
Figure 2-12 – Data acquisition example with MsS Instrument System from a U-
bend tube with simulated defects 
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- The MsS Instrument provides defect detection capabilities from 
approximately 2-5% of the pipe‟s wall cross section area, thus it has a high 
sensitivity. 
 
The guided wave technique with a magnetostrictive sensor has a broad range of 
applications. It can be used in the investigations on pipes, plates, anchor rods, 
boiler and heat exchanger tubes. 
The main limitation of the MsS2020 Instrument derived directly from its receiving 
system, because in the receiving process the torsional transmitted guided wave is 
acquired using a single magnetostrictive strip that covers symmetrically the entire 
pipe circumference. [25] 
For this reason it loses the possibility of retrieving some important features of the 
defect‟s response that can give us a clue about the intrinsic geometry of the 
possible flaw in order to be able to distinguish it from other symmetrical 
discontinuities (like joints, elbows), knowing that the geometry of a defect on the 
pipe‟s wall is often asymmetrical.  
Figure 2-13 [25] presents the signal of two discontinuities having the same cross-
sectional area, the first symmetrical, (S) and the second asymmetrical, inspected 
with the MsS2020 Instrument, using a single magnetostrictive strip as a receiver. 
As we can see there is no visible difference between these two signals that can 
help us to discriminate between the symmetrical and the asymmetrical flaw. 
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In addition, even if the inspector has some basic information on the defect 
geometry like its cross-sectional area, he cannot be sure about its degree of 
asymmetry around the circumference of the pipe and further, cannot tell anything 
about the other geometrical characteristics of it. 
So, using a symmetric strip to acquire the echo of the defect can tell us only the 
cross sectional area of the defect by making its rapport with the signal received 
from the pipe‟s end. 
But this information is not sufficient if we try to characterize a defect with all its 
geometrical characteristics because knowing the cross section area percentage of 
the defect doesn‟t provide enough information. Typically, a flaw that has a greater 
angular extent but a smaller thickness might have the same cross-sectional area 
with another defect which has a smaller angular extent but a greater thickness.  
In both ways, a signal received using the MsS2020 Instrument will identify them as 
equal defects relying on their cross-sectional area and thus, cannot give us the 
right features within the acquired signals that can help us further in our attempt in 
finding all the geometrical characteristics of the defect. 
Because of this fact a research team from the University of Pisa developed a 
modified version of this type of guided waves magnetostrictive transducer which 
has the capabilities of providing new valuable information about the defects 
 
 
Figure 2-13 – Symmetrical and asymmetrical defects with equal cross-sectional 
area, inspected with the MsS2020 Instrument system 
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discovered within pipelines. This sensor will be described in the section 2.5.1. In 
addition new acquisition software has been developed in order to correspond to the 
necessities of this transducer. 
2.5.1 Development and validation of the new 
magnetostrictive sensor 
The limitation which was mentioned above was overcome by the development of 
the GW acquisition system that we used to identify and geometrically characterize 
the defects. 
This new system presented in Figure 2-14, described also in [26], is composed by 
a collar of sensors which work independently and give an important possibility of 
acquiring the received signals in multiple circumferential points of the same axial 
plane on the pipe.  
Each of the collar‟s elements is a magnetostrictive transducer that can receive the 
response of the pipe‟s structure. Covering all the circumference area of the pipe, 
they are activated one at the time, until all the signals from the receiving 
transducers are registered.  
The average signal from all these sectors form the circumference of the pipe has 
the same profile as if it was acquired using a symmetrical receiving MsS 
transducer, reconstructing the torsional mode, T (0,1).  
But the important achievement of this punctual receiving system is that from these 
acquired signals can be extracted also the flexural components that can give 
significant clues about the degree of asymmetry of the inspected defect, feature 
that is lost in the case in which the signal is acquired with the symmetrical MsS 
receiver.  
 
 
 
Figure 2-14 – Guided Wave acquisition System 
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The acquired signal with this acquisition collar was validated in [25] by comparing it 
with the average signal picked up by the classical MsS receiving system. The 
results, displayed in Figure 2-15, show the two signals acquired in torsional mode, 
which are almost identical. 
This system allows the differentiation between symmetrical discontinuities (like 
welds or joints) and possible defects on the structure, which are asymmetrical in 
most of the cases. In the same manner, it can discriminate between asymmetrical 
discontinuities with equal cross section areas [25]. 
The development of the acquisition system required, also, new acquisition software 
which was developed by the same research group. It allows acquiring data from 
these sensors placed on the whole circumference of the pipe. In addition the 
software gives the possibility to choose between more visualization modes [26] and 
allows the representation of signals from all the elements of the collar receiving 
system placed on the circumference of the pipe. 
Because of this new acquired principle of the multi-element receiver with the help 
of the provided software it can be visualized, besides the torsional component of 
the guided wave T(0,1), the extracted flexural component of the signal. In this way 
the acquired data will contain a more complete informational package form the 
detected flaws in order to discriminate and to characterize them further.  
 
 
 
 
 
Figure 2-15 – Comparison between torsional signals for sensor validation 
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Thus, in a given case, presented in Figure 2-16, we have two flaws placed on the 
same pipe, one of them being a  symmetrical defect, thus having the angular extent 
of 360
o
, (noted with Symm. in the Figure) and an asymmetrical flaw (noted with 
Asymm. in this Figure) with an angular extent of 160
o
. 
In this Figure three visualisation modes provided by the acquisition software are 
represented:  
In the upper panel (a.) we have the normal visualization of the guided wave 
torsional mode signal which can give only general information about the presence 
of any defect on the inspected pipe, thus being unable to make any discrimination 
between the symmetrical and the asymmetrical flaw.  
In the middle panel (b) we have the guided waves response signals from each 
sector acquired by the multi-element receiver. As can be observed, the signals 
from the symmetrical defect are almost overlapping, having the shape of the 
torsional mode from the panel a. On the other hand, for the asymmetrical defect 
the differences between these sectors and the shape of the torsional mode from 
the panel a. are visible. This happens because being an asymmetrical defect, in 
the torsional signal from each sector is present also the flexural mode which gives 
a clue of the asymmetry of the defect.    
In the lower panel (c.), in the video mode software representation for the same 
case, we have the flexural components extracted from the each torsional signal 
acquired with the magnetostrictive system with punctual acquisition. As can be 
observed is a clear distinction between the shape of these two flexural, the one 
that is correlated with the symmetrical defect is low in amplitude with respect to the 
torsional mode guided wave and continuous around the whole circumference of the 
pipe and in the case of the asymmetrical defect the flexural components have 
higher amplitudes and are discontinuous around the pipe‟s circumference. 
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2.5.2 Particular applications of magnetostrictive sensors 
Having a great degree of reliability, the guided wave technique that uses 
magnetostrictive sensors is widely spread among the companies that provide NDT 
inspection service for pipeline systems in conformity with the safety regulations. 
Some of the qualities that recommend this method, described in papers [27] and 
[29] are: 
 The rapidness of inspecting long segments of pipelines; 
 The minimal requirements for the implementation of the investigation 
system; 
 The capacity of inspection of pipelines without interrupting their normal 
functionality; 
 A full volumetric capacity examination of the pipe; 
 The capability of inspection in inaccessible areas (under bridges and 
roads, suspended pipelines over watercourses); 
 The possibility of in-line inspection on coated and partially buried pipelines; 
 
 
 
Figure 2-16 – Signals from defects acquired with the multiple sector receiver 
collar 
a. 
b. 
c. 
Symm. Asymm. 
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 Its ability of identifying the exact critical points on the pipes that later can 
be locally investigated with a detail NDT technique while time and the costs 
of the inspection operation are reduced at minimum.; 
 A significant increase of efficiency in inspection process. 
 
Using cobalt pre-magnetized ferromagnetic strips, the transducer can function at 
higher temperatures. The reason is, as we previously seen, cobalt‟s Curie 
temperature, above which it loses his ferromagnetic properties becoming 
paramagnetic, which is around 1115 ºC.  
A particular possible application that was studied, one that can open another 
potential in NDT investigation of some branches of industry, is their use on 
extremely low temperatures. For this purpose experiments have been made which 
are described in [28], showing the sensor‟s ability of investigation at very low 
temperatures of -80°C and -196°C, much lower than the minimum functionality 
temperatures of the other long range guided wave method using the piezoelectric 
transducers, which is limited at circa -40°C. 
These properties show that the magnetostrictive systems can be utilized at the 
integrity inspection of pipelines used for the transport of cryogenic fluids and in the 
industry of refrigeration systems or at the investigation of piping systems carrying 
liquefied gases – like liquefied natural gas (LNG) – in regasification plants. 
Moreover, the ability of the sensor to generate long range guided waves under 
pipes coating without affecting pipelines‟ insulation [37] makes this technique 
reliable to be utilized in the monitoring process of various types of pipe systems. In 
this case the condition of the pipe structure can be continuously kept under control 
minimizing the risk of malfunction of the plants and avoiding in this way the other 
possible problems that can occur with the failure of the pipe systems.  
Other sectors in which this technique can be applied is in the detection of the voids 
occurred in brick masonry structures [30] and in the inspection of concrete and 
architectural structures [31], [32]. 
2.5.3 Known limitations of magnetostrictive GW sensors 
As any other NDE technique, the guided-waves method with magnetostrictive 
systems has its limitations as well [27]: 
 The incapacity to discriminate between symmetrical and asymmetrical 
defects, which appears in the case of the classical MsS receiving 
transducer, limitation overcome by the improved transducer described 
before; 
 The complexity of the received coexisting wave modes (coherent noise) 
traveling with different velocities and often having a dispersive behaviour. 
A possible improvement would be the excitation and the receiving of only 
one mode at a time, in a specific direction; 
38 
 
 The attenuation of the received signal due to pipe position (if they are 
buried in the ground), the corrosion degree within the pipes or the coating 
type (polyurethane, polyethylene or bitumen). Several solutions have 
been described trying to solve this problem in [33], [34]. These are in 
special methods that can improve the sensitivity and efficiency of the 
receiving transducer:  
- the increase of number of turns of the receiving coil; 
- the oblique positioning of the magnetostrictive strips respect to the 
circumferential direction; 
- the use of Co as ferromagnetic strip instead of Ni material. 
 The difficulty in recognition and characterization of the defects after all their 
geometrical features, this challenge being common to all the NDT 
techniques. In this paper, we will try to present a developed algorithm that 
can be useful in the discrimination and, further, in the geometrical 
characterization of the defects identified with the guided waves 
magnetostrictive sensors system. 
 
There have been lately developments [69] of magnetostrictive systems consisting 
of collar of elements used for both transmission and reception of GW. They 
present, however, the same limitations like the PZT systems related to the limited 
number of elements that can bring to the generation of unwanted flexural modes, 
together with the desired torsionals. 
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CHAPTER 3 Effective means for solving the 
inverse problem of defect 
characterization in GW-NDT 
NDT methods described previously constitute inspection and monitoring 
techniques for piping systems. Detection of defects in the case of each method 
would not be sufficient without the development of dedicated algorithms and 
software to be included in their functional capabilities.  
These algorithms, in the attempt to complete what the hardware part offers, such 
as defect detection in the inspected structure, analyse the response signals 
acquired by the reception systems of the techniques above mentioned in order to 
discriminate and characterize with more accuracy the localized defects.  
This effort is in fact the attempt of resolving an inverse problem such as the 
reconstruction of the characteristic geometrical shape of detected defects using 
features that can be extracted from their response signal registered by the NDT 
acquisition systems mentioned above [38]. 
The detection of a possible flaw is an important achievement, but the inability to tell 
how serious the situation of the analysed structure is, leaves space to further 
research and investigation. Some defects that occur in a pipe structure can be 
negligible while others, on contrary, must enforce the immediate replacement of the 
flawed pipe for the safety of the pipeline system. Moreover, even if one succeeds 
to find out the percentage of the defect‟s cross-section from the total cross-section 
of the pipe, he cannot completely asses the gravity of the situation. 
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3.1 Review of existing methods 
There is extensive research work documented in the NDT literature that describes 
algorithms for defect characterization. These are mainly based on classification 
techniques like neural networks, k-nearest neighbour, space mapping [39] or 
support vector machine (SVM) and signal processing methods for feature 
extraction like wavelet and Fourier transform or rely on the extraction of features 
like correlation coefficients. The implementation of these algorithms is, however, 
related in most of the cases to local NDT techniques. 
We can affirm that their success consists also in the possibilities of investigation 
developed by the method itself. For example, the video inspection and the internal 
screening method for pipes can register with accuracy certain discontinuities within 
the pipe-wall, and makes possible a good evaluation of the characteristics of these 
defects. However, it must be specified the fact that these techniques are difficult to 
be used for in-situ inspections for technical considerations (their use depends on 
the shape and diameter of pipes, thus, being difficult to work in a regime of in-line 
inspection) and for economic considerations (the high costs of inspection, the fact 
that for a better resolution the velocity of the inspection‟s process must be reduced, 
and, therefore, the time of inspection increases, as well as the economic losses 
that come from the interruption of the plant functionality). 
These drawbacks make improbable the application of these techniques for the 
defect discrimination in the attempt of NDT analysis of the in-line piping structures. 
Defect Characterization in NDT 
In the last years, many attempts have been made to resolve the invers problem of 
defect characterization in the NDT field, mostly regarding NDT techniques like 
Magnetic Flux Leakage, EMAT and Eddy Current. Most of them tried to obtain a 
solution of discrimination between the possible defect types by using databases of 
signals generated by known defects or by geometrical features that are normally 
present along the pipes like welds, joints or T-branches.  
Another method to discriminate defects from the pipe features used in the MFL 
technique uses an artificial neural network approach [40]. Usually, artificial neural 
networks (NN) are used to solve artificial intelligence problems, thus being a good 
candidate for defect recognition from NDT data. NN implementation involves three 
distinct phases: feature extraction from simulated or experimental signals; training 
of the NN with known data; and classification of unknown features extracted from 
experimental signals.  
This method has been applied successfully to MFL data, reaching the 
discrimination between defects with different shapes, from narrower defects to 
larger defects, like pipe-shape defects, conical defects and lake-defects. [41] This 
algorithm was also based on the grouping of these defects in classes, conformal to 
their typology, using the analysis methods of k-nearest neighbour and support 
vector machine.  
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In [42], the authors have tried to identify the defect profile starting from an MFL 
signal and obtaining specific parameters of defects. With these parameters they 
reconstructed the circumferential profile of the defect. The signal used was 
acquired from multiple sensors. For the reconstruction of the profile each signal 
was analysed relating it to an already existing library of signals.  
Another NDT technique for which the interpretation of the acquired signals was 
performed and is available in the scientific literature was the electromagnetic 
acoustic transducer (EMAT) [43].  In this case, the authors used the wavelet 
analysis to discriminate a number of discontinuities acquired and identified in the 
response signal. As a result the authors managed to discriminate between flaws 
and no-flaw features, according to the situation.  
Another method to discriminate defects involves the Eddy Current NDT technique. 
In [44] the EC and the MFL methods were used for the acquisition of the analysed 
signal and it has been observed a complementarity between them. If the lack of 
fusion is harder to be distinguished utilising the Eddy Current method, it can be 
discriminated through the interpretation of the signal obtained with MFL technique. 
Similarly, the Eddy Current technique is more useful in the detection of mismatch 
defects than the MFL method.  
Defect characterization in GW-NDT 
As far as GW-NDT is concerned, attempts to perform defect characterisation 
considered the use of amplitude or phase information or focusing techniques and 
are limited to large approximations of the cross-sectional loss or axial length of the 
defect. Thus, from this point of view, Guided-Wave NDT continues to be 
considered a method of screening which is reliable only for the good localization of 
defects along the pipe axial dimension. 
But an identification of the defect‟s type of the analysed structure cannot give us a 
complete response over the seriousness degree of the investigated problem. 
Therefore, departing from the defects‟ discrimination, this study was based on the 
exact characterization of the analysed defects, especially on finding the axial 
length of the defect, its angular extend and the exact radial dimension. This last 
characteristic, the radial dimension of the defect is the most important of all 
because it can give us a correct image of the defects‟ gravity. For this purpose, the 
paper will try to find an optimal solution to give as exact as possible response to 
this problem previously discussed. 
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3.2 Methods, signal features and instruments used for the 
present study 
In this thesis two methods will be described able to perform the classification of 
each geometrical dimension of defects from GW-NDT data. With these methods 
each geometrical dimension was determined by using specific, meaningful features 
of the response signals. We can therefore distinguish between classification 
methods and features used in the classification algorithms. 
Regarding the instruments used in this work, these refer to ways of acquiring the 
data necessary for the development of the algorithms that are subject of the 
present research and will be described in the sections below.  
3.2.1 Classification methods 
Among the classification approaches available, two particular methods were 
preferred: 
1. Classification algorithm which is generally used in artificial intelligence 
projects - Support Vector Machine (SVM) 
2. Regression methods based on observations on the interaction between 
GW and defects made through intensive use data resulted from numerical 
simulations. 
Support Vector Machine 
The literature study suggested that the classification technique of Support Vector 
Machine (SVM) has been successfully applied in the past to classify signals 
provided by the MFL local NDT technique and therefore could be a good candidate 
also for Guided Wave classification. 
 
SVM, developed by Vapnik in the nineties, is a powerful, widely used technique for 
solving supervised classification problems due to its generalization ability.  
Its applicability area contains many scientific domains. It is used in recognizing of 
the objects, identification of images and face-tracing; in bioinformatics for the 
classification of protein sequences, gene expression and phylogenetic information. 
It is, also, utilized in meteorological previsions and telluric movements and in the 
prediction of the flux traffic. [46]  
SVM is a learning system that uses a hypothesis space of linear functions in a high 
dimensional feature space, trained with a learning algorithm from optimization 
theory that implements a learning bias derived from statistical learning theory. [47] 
In essence, SVM classifiers maximize the margin between training data and the 
decision boundary (optimal separating hyperplane), which can be formulated as a 
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quadratic optimization problem in a feature space. The fact that SVM provides an 
unique optimal solution represents an advantage over the neural networks (NN). 
The subsets of patterns that are closest to the decision boundary are called 
support vectors.  
In the case of a manifold of data linearly separable the best separator hyper-plan it 
must be calculated [46]. 
In the other case, of a non-linearly separable data a solution of the problem is to 
construct an optimal hyper-plan to be able to separate the features, knowing that 
the original feature space can always be mapped to some higher dimensional 
feature space where the training set is separable. 
To avoid the potential pitfall of over-fitting in this higher dimensional space, an SVM 
uses a kernel function in which the nonlinear mapping is implicitly embedded. 
 
 
 
A SVM algorithm is composed by two modules: 
 A general module consisting of the training data; 
 A specific kernel function for the problem to be resolved; 
Table 3-1 [47] summarizes the most used kernel functions, with the specified 
support vector machine type. 
Every SVM algorithm can work with any kernel function, thus, the main problem of 
getting the best solution consists now in choosing the best kernel function, in order 
to be able to classify as best as possible the data from the test sets. 
For finding the best choice of the kernel function we must consider three criteria:  
1. The type of kernel function that can be used for the given problem; 
2. The particular parameters of the chosen kernel function; 
3. The C value (the tolerance for the classification errors). 
Table 3-1 Most used kernel functions 
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In our case, the information available in the literature regarding SVM applied to 
NDT data as well as the results of initial tests using simulation results, suggested 
that the best choice was to use the Gaussian radial basis function. It is expressed 
as:  
           ( 
      
   
) 
                                                                                                                          (3-1) 
Gaussian function is a typical radial basis function that is defined, in the case of a 
scalar input, by its centre, t and its radius (or spread), σ. Radial functions are a 
special class of functions. Their responses increase or decrease monotonically with 
distance from a central point, as is showed in Figure 3-1. 
 
In the research described in this thesis, SVM was chosen to classify defect signals 
using meaningful signal features from simulated defects as input training data. In 
particular, SVM training and classification was applied for the recognition of the 
angular extent of experimental defects after the training with data from simulations. 
However, this is a discrete method because it can only recognize the features that 
have values used in the training phase. The step size would therefore give the 
degree of precision of this method. For example if the system is trained with 
features characteristic to defect angles (angular extents) that have a step size of 
10°, then a defect of 16° will be recognized as having an angle of 20°. 
 
Figure 3-1 – Representation of a Gaussian radial basis function used as kernel 
function 
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Regression methods 
Another classification method used signal features that were characteristic to each 
of the three geometrical dimensions and build continuous functions from the 
extensive data available from numerical simulations. Compared to SVM, this 
method is able to recognize also defects that were not available in the training 
phase. 
An example is given in Figure 3-2. In this case a function that describes the 
relationship between defect cross-sectional area and a signal feature is 
represented and determined through linear fitting of simulation data. 
This method was used for the recognition of the cross-sectional area, angular 
extent as well as axial extent. 
 
 
 
  
Figure 3-2 – Dependence of the cross sectional area of the defects and the total 
cross sectional area of the pipe ratio versus the ratio between the maxima 
amplitudes of the defects and the maximum amplitude of the transmitted wave after 
application of the correction factor (Fcorr) 
Detailed descriptions of each classification method will be provided in the sections 
dedicated to the characterization of each spatial dimension of defects. 
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3.2.2 Features 
In order to better characterize the defect geometry, meaningful features were 
chosen for each of the three spatial dimensions. They were chosen after observing 
the scattering patterns from various defect shapes available through simulations. 
For example in the case of defects having long axial extents it was observed that 
amplitudes of the reflected waves had a well determined relationship with the axial 
length that depended only on the frequency of the transmitted wave (Figure 3-3). 
To obtain the relationship represented in Figure 3-3, one can vary the defect length 
(with simulations) or can vary the wave frequency (measurements).  Therefore, 
with some simulated results, the relationship in Figure 3-3 can be constructed 
(which is valid for all defect types) and then, when performing measurements, over 
a broad range of frequencies, the maximum amplitude signal gives the frequency 
whose corresponding  /4 is equal to the defect axial extent. 
In the case of the angular extent, it was observed that there is a determined 
dependence between the amplitude of flexural modes in the reflected wave and the 
degree of asymmetry of the defect. As a consequence the most representative 
feature for this spatial dimension was considered the Flexural-Torsional-Ratio 
(FTR). 
 
 
Figure 3-3 – Signal Amplitude vs axial length 
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Another feature that was used to determine the angular extent was the complexity 
of the reflected wave evaluated by measuring the Sum of Euclidean Distances 
(SED) over discrete sequence of the wave. 
To determine the radial depth (dr) the feature that was considered was the 
normalized amplitude (NA) of the reflected wave after the corrections for 
interferences for axial extent. 
3.2.3 Instruments and Methods 
The instruments used for the development of algorithms for defect characterization 
refer to data acquisition instrumentation or numerical simulation software, that are 
able to provide enough data with good reliability to be used for the training of 
classification algorithms. Furthermore, classification algorithms must be validated 
by real data that can be obtained through experimental tests performed with real 
GW-NDT instrumentation. 
The work for this study was performed involving FEM commercial software for the 
modelling and simulation of GW propagation in piping and their interaction with 
defects. 
For the experimental tests, a modified GW instrument was used as described in the 
previous chapter. This instrument was able to receive multiple data around the pipe 
circumference and to extract flexural data from localized torsionals. 
The development and evaluation of the aforesaid methods as well as the 
determination of the most suitable features for each geometrical dimension was 
made possible after performing an impressive number of experimental tests on 
various pipes and in-service pipelines using the magnetostrictive GW system 
described in the previous sections. Moreover, a huge number of results obtained 
from numerical simulation and modelling of GW interaction with defects allowed the 
better understanding the interaction phenomena between GW and pipe defects 
and were used for the training of classification algorithms like the SVM. 
Both simulation and experimental data acquisition campaigns will be described in 
the following sections of this thesis. 
 
 
The following sections will first describe the acquisition of the amount of data 
needed for the training and development of algorithms through experimental tests 
and numerical simulations. Next, the methods for defect characterization will be 
presented for each spatial dimension of defects, together with the specific features 
that were identified to be the most useful for a given defect characteristic: axial, 
radial or angular extent. 
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3.3 Experimental Tests using magnetostrictive sensors 
The first step in analysing the response of the signals coming from the different 
types of defects was to make experimental acquisition of these signals. For this 
purpose laboratory and field tests were made on pipes with different dimensions as 
well as inspections on an in-service gas pipeline. 
As for the instrumentation, the magnetostrictive sensor with multiple sector 
acquisition system was used, which was described earlier, in the paragraph 2.5.1. 
The guided wave system consisted in two major parts: 
 
1. The transmitter – consisting of a magnetostrictive strip of cobalt, that was 
bonded around the whole circumference of the pipe and an 
electromagnetic coil placed over this ferromagnetic strip. In the 
transmission process a torsional symmetric guided wave was generated. 
2. The receiver – being made of a multi-channel collar positioned over a 
second magnetostrictive strip and completely surrounding the pipe 
circumference, as presented in the Figure 3-4.  
 
The number of sectors utilized to acquire the signal was chosen in accordance with 
the circumferential dimensions of the pipes and the dimensions of the 
circumferential sectors that were completely covered by the sensor.   
Each receiving sector was activated through a channel multiplexer one at a time, 
until a complete data set acquisition was obtain, corresponding to a 360° 
acquisition along the pipe‟s circumference.  
The test signals that were further used in the analysis process were acquired on 
several pipe types without and with coating having different geometries as well. On 
the pipes used for acquiring data a number of artificial defects with different 
geometrical characteristics were constructed. Other acquired signals were those 
from other types of discontinuities from the inspected pipes like joints, welds and 
flanges. 
For an optimal analysis of the defects, the magnetostrictive receiving collar system 
was configured to permit the acquisition of the torsional and flexural wave modes. 
These modes were chosen for their propagation behaviour that gave us the 
possibility to comprise in the received GW all the possible features of the response 
signal from defects. As we know, the torsional waves propagate along the pipe, 
along the axial direction having a constant displacement over the circumferential 
direction of the pipe while the flexural waves which don‟t present circumferential 
symmetry can give us important information over the degree of asymmetry of the 
studied defects. 
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Regarding the frequency of the test signal, values between 16 kHz and 64 kHz 
were used in the transmission phase and the same value was imposed on the 
digital filter in the acquisition phase.  
The acquisition software described in the paragraph 2.5.1 was used for the 
registration of the response signals coming from the artificial defects constructed 
on the test pipes. In the pre-processing phase, the first step was to apply a digital 
filter to the acquired data, each time using the frequency related to the wave 
generated in the transmission phase. For example, Figure 3-5 shows a pulse signal 
acquired with the GW system before de-noising (left) and after the application of 
the digital filter (right). The pulse signal corresponds to a torsional wave mode 
signal with a frequency of 28 kHz generated by the interaction with an artificial 
defect placed on an 8 inches diameter pipe. The geometrical characteristics of this 
defect were: 1.5 cm axial length, 120° angle extent and a radial depth equal to 30% 
of the total thickness of the pipe. 
The de-noising operation is particularly useful because it gives the possibility to 
identify later, in the signal, the right features that are influenced by the interaction 
with defects and depend on their shape.  
The following sections will describe the setting-up of the experimental tests, 
including types of pipe that were used, the artificial defects. Finally, experimental 
pipe inspections will be presented, together with the resulting graphs showing 
detected discontinuities and some of their particularities.  
 
 
Figure 3-4 – Multi-channel receiver system and multiplexer utilized for 
acquiring the signals from the tested pipes. 
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3.3.1 Pipes used in the experiments 
The pipes used for data acquisition, on which the artificial defects were constructed 
were chosen in such a way so as to cover as many geometrical and structural 
characteristics as possible.  
For a better understanding of the behaviour of the response signals reflected from 
the various artificial defects and the influence of the presence of insulation, some of 
the pipes that were chosen presented thermal insulation, while others  had no 
coating at all or were painted for corrosion protection. The pipes were chosen 
because they are usually used for the transportation of industrial gasses and 
liquids.  
Some of the test pipes were dismounted pipes, located in the laboratory, while 
others were in-service pipes or pipelines used for the transportation of natural gas. 
The inspection sites and pipes used in the experiments are shown in Figure 3-6. 
 
 
Figure 3-5 – Same acquired signal before and after denoising with a 28 kHz digital 
filter 
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The dimensions of the pipes used were varied as well. Table 3-2 lists the structural 
and geometrical characteristics of the pipes, drafted in Figure 3-7.  
 
 
 
 
 
 
 
Figure 3-6 – a) 10 inches pipes coated with PE/FBE; b) in-line service 6 inches 
gas pipe, painted; c) un-coated 8 inches pipe tested in laboratory. 
 
 
Figure 3-7 – Geometrical characteristics of a pipe. 
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Table 3-2 Main characteristics for the tested pipes 
Characteristics 
of the pipe 
Laboratory pipe On field pipe In-service gas pipe 
Length 
(in meters) 
5 12 > 100 
Diameter 
(in inches) 
8 10 6 
External radius 
(Ra in meters) 
0.1090 0.1524 0.0842 
Internal radius 
(Rb in meters) 
0.1039 0.1456 0.0796 
Thickness 
(Ra-Rb in meters) 
0.0051 0.0068 0.0045 
Material steel steel steel 
Coating not present FBE paint 
    
3.3.2 Realization of artificial defects and their characteristics 
The main purpose of this thesis is to develop methods for 3D defect 
characterization starting from GW signals acquired with a magnetostrictive system. 
In order to reach this purpose, it was necessary to understand the phenomenon of 
interaction between GW and defects with various shapes and to determine the 
effect that a particular shape has on the reflected guided wave. The most simple 
and economical way to achieve this was to produce various artificial defects and 
install them on the pipes that were available in laboratory, but also on in-service 
pipes. 
The artificial defects were constructed by bonding small pieces of metal on different 
positions over the pipe length and circumference. Some of the reasons why this 
procedure was preferred over the eventual drilling of the pipe were: 
- It is reliable: metal growth responds to incident GW in the same way as 
metal loss does as observed in previous researches [25]; 
- It is reversible: after the test was performed, defects can be easily 
detached and eventually replaced with new defects with different shapes; 
- it is fast: many defects and defect types can be produced in a short time on 
the same pipe; 
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- it is flexible: the whole range of defect shapes can be covered as well as 
positions on the pipe-wall. 
- It is safe to be used on in-service pipes: pipes are not damaged during this 
procedure. 
 
As a proof of the reliability of this procedure, Figure 3-8 presents to reflections from 
defects that have the same geometrical characteristics (an axial length of 1.25 cm, 
a radial depth equal to 70% of the total thickness of the pipe and an angle extent of 
180°) placed on a pipe of 8 inches with the frequency of the transmitted pulse of 32 
kHz except that one of them is a metal-loss defect (left) while the other (right) is a 
metal-gain defect. 
The only notable difference between the two signals is that they are in phase 
opposition which has little effect on the signal analysis. 
 
 
A defect is characterized by three main features: 
 The axial extent (dz) 
 The angular extent (dθ) 
 The radial depth (dr) 
 
Thus, to be able to characterize defects, these are the parameters that must be 
found as illustrated in Figure 3-9.  
 
 
 
Figure 3-8 – Similarities between a simulated metal loss defect (on the left) and a 
metal gain defect (on the right) 
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With this aim a number of defects were built, by alternating one at a time each of 
these dimensions while maintaining unchanged the other two. Figure 3-10 shows 
two cases of artificial asymmetrical defects having each of them the same axial 
length (dz) of 6 cm and thickness (dr), of 25 % from the total thickness of the pipe, 
but with different angular extent (dθ), of 60
o
 and, respectively, 90
o
, built on a pipe 
with 8 inches diameter and placed at a distance (d) of 3.45 meters from the 
position of the transmission system of the pulse, Tx.  
This procedure was utilised to give the possibility of a better analysis of the 
acquired signal, for a better understanding of the behaviour of the material 
structure with a defect and to extract in the end these characteristics of the 
examined signal which can drive us to a solution for this problem of the geometrical 
characterization of the defect. 
As we saw before, the tests were made in laboratory on a 8 inches pipe without 
coating as well as on a couple of pipes in the field, inclusive on a gas pipe that was 
in-service. 
All the artificial defects used in an ulterior analysis and characterization are 
presented in Table 3-3, specifying for each of them their geometrical 
characteristics, as they appear in Figure 3-10, as well as the types of pipes on 
which the response signals from the these defects were acquired.  
 
 
 
 
Figure 3-9 – Artificial defect and its geometrical characteristics 
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Table 3-3 Artificial defects and their characteristics used in experimental 
tests 
Type of 
defect 
Axial length 
dz (m) 
Angular 
extent 
dθ (degrees) 
Radial depth 
dr (%) 
Distance 
from Tx to 
defect (m) 
Pipe 
type 
1. Flaw 0.03 79 25  
 
 
 
 
  
3.45 
 
 
 
 
 
 
 
 
 
 
Laboratory 
8 inches 
pipe 
2. Flaw 0.0175 30 25 
3. Flaw 0.0175 60 25 
4. Flaw 0.0175 90 25 
5. Flaw 0.0175 120 25 
6. Flaw 0.0175 150 25 
7. Flaw 0.0175 180 25 
8. Flaw 0.0175 210 25 
9. Flaw 0.0175 240 25 
10. Flaw 0.0175 270 25 
11. Flaw 0.0175 300 25 
12. Flaw 0.0175 330 25 
Figure 3-10 – Artificial defects with the same axial length and thickness but with 
different angular extents (a. 60
o
 angular extent and b 90
o
 angular extent). 
a b 
Tx 
Tx 
dΘ=90
o
 
dz 
dz 
dΘ=60
o
 
d 
d 
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13. Flaw 0.0175 360 
(symmetric) 
25   
14. Flaw 0.0175 360 
(symmetric) 
35 
15. Flaw 0.0175 330 35 
16. Flaw 0.0175 300 35 
17. Flaw 0.0175 270 35 
18. Flaw 0.0175 240 35 
19. Flaw 0.0175 210 35 
20. Flaw 0.0175 180 35 
21. Flaw 0.0175 150 35  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.45 
22. Flaw 0.0175 120 35 
23. Flaw 0.0175 90 35 
24. Flaw 0.0175 60 35 
25. Flaw 0.0175 30 25 
26. Flaw 0.06 60 25 
27. Flaw 0.06 90 25 
28. Flaw 0.078 60 25 
29. Flaw 0.098 60 25 
30. Flaw 0.0175 180 40 
31. Flaw 0.0175 150 40 
32. Flaw 0.0175 120 40 
33. Flaw 0.0175 90 40 
34. Flaw 0.0175 60 40 
35. Flaw 0.0175 30 40 Laboratory 
8 inches 
pipe 
 
 
 
 
 
 
36. Flaw 0.0175 30 63 
37. Flaw 0.0175 60 63 
38. Flaw 0.0175 90 63 
39. Flaw 0.0175 120 63 
40. Flaw 0.025 30 23 
41. Flaw 0.025 60 23 
42. Flaw 0.025 90 23  
43. Flaw 0.025 120 23 
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44. Flaw 0.025 150 23  
 
 
 
3.45 
 
 
 
 
 
 
 
Laboratory 
8 inches 
pipe 
45. Flaw 0.025 180 23 
46. Flaw 0.025 210 23 
47. Flaw 0.025 240 23 
48. Flaw 0.025 270 23 
49. Flaw 0.025 300 23 
50. Flaw 0.025 330 23 
51. Flaw 0.025 360 
(symmetric) 
23 
52. Flaw 0.023 360 
(symmetric) 
40 1.8 
53. Flaw 0.01 5 40 2.5 
54. Flaw 0.05 360 
(symmetric) 
40 3.2 
55. Flaw 0.025 110 40 3.6 
56. Flaw 0.023 45 30 10.5 On-field 
10 inches 
pipe 
57. Pipe‟s 
end 
- 360 
(symmetric) 
100 – pipe‟s 
end 
12 
58. Flaw 0.018 360 
(symmetric) 
35 2  
 
 
 
In-service 
6 inches 
gas pipe 
 
59. Weld 0.005 360 
(symmetric) 
- 5 
60. Flaw 0.018 90 35 7 
61. Flaw 0.018 90 35 13 
62. Weld 0.005 360 
(symmetric) 
- 15 
63. Flaw 0.018 90 35 25.5 
64. Weld 0.005 360 
(symmetric) 
- 27 
65. Flaw 0.018 110 35 29 
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3.3.3 Description of experimental tests 
In the data acquisition campaign that took place in various locations like laboratory 
and on-field specific procedures were applied for each inspected pipe. Some 
aspects concerning these procedures are summarized below. For example, in the 
case of monitoring of a coated pipe: 
 
1. The coating is removed over the circumference of the pipe on an axial 
length of few tens of centimetres; 
2. The ferromagnetic strips are placed in direct contact with the pipe wall; 
3. The insulation is installed back on the pipe 
4. The transducer coils are placed over the coating on the exact position 
where the strips are bonded to the pipe wall 
From this point the inspection of the respective pipe can begin. For long-term 
monitoring of the pipe integrity over a period of time, the ferromagnetic strips can 
be left in their place, on the pipe. 
In the case of the tests performed for this study, the procedure reminded above 
was used only for the inspection of the 10 inches pipe which presented an FBE 
coating. 
Laboratory 8 inches OD pipe 
The pipe used in the inspection process was placed in one of the laboratories of 
the Electrical Systems and Automation Department from the University of Pisa. Its 
characteristics enumerated in the Table 3-2, within the paragraph 3.3.1 are: total 
length of 5 metres, diameter of 8 inches, the thickness of 5.1 mm, without coating. 
On this pipe a number of 55 artificial defects were built and positioned in different 
locations, each of them having diverse geometrical characteristics, listed in Table 
3-3, in the paragraph 3.3.2. 
After the installation of the two pairs of ferromagnetic strips over the circumference 
of the pipe, over one of these strips, placed at one end of the pipe, an 
electromagnetic coil was positioned, completely surrounding the pipe 
circumference. This coil was used to transmit a torsional guided wave signal.  
Over the second ferromagnetic strip, located at a distance of 0.6 meters from the 
first and thus at the same distance from one of the pipe ends, a collar containing a 
number of 12 magnetostrictive sensors was placed for the punctual acquisition of 
the response signal. 
Every sensor covered a sector of 30°
 
from the total circumference of the pipe. By 
using these two elements placed in different positions of the pipes, one for the 
transmission (Tx) and the other for the reception (Rx) of the signal, the pitch-catch 
mode was used in the acquiring of the signal.     
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The components of the transmission and the reception of the multi-channel collar 
with magnetostrictive sensors are shown in Figure 3-11. 
 
 
a)  
c)   
Figure 3-11 – Laboratory test on pipe with artificial defect: tested pipe and defect – a); 
A-scan signal – b); Flexural mode colormap – c).  
Tx 
Rx 
b) 
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Each of these 12 magnetostrictive sensors that were used in the data acquisition 
was activated one at a time through a multiplexer. In this way the signal registration 
from each sector was done in a differential manner by the acquisition software 
described in the paragraph 2.5.1.  
For the transmission of the guided wave signal a wide range of frequencies was 
used between 16 and 64 kHz, with a step of 4 kHz. Furthermore, in the pre-
processing phase of the signal a digital filter was used for every acquisition 
frequency to perform de-noising of the signal acquired by the magnetostrictive 
sensors. 
The transmitted electrical pulse, modulated with a Hanning window, had 5 cycles 
and the velocity of the torsional transmitted wave, c was 3250 m/s.  
The response signals from the artificial defects built on the pipe, as well as those of 
the direct transmitted wave, were registered on each of the 12 sectors. They latter 
were necessary for the ulterior normalization and computation of the signals. The 
normalization reflected signals was made with respect to the transmitted wave, on 
every sector.     
Further, with the help of the acquisition software the flexural component was 
extracted from the response signals, this thing being only possible through the 
punctual acquisition with all the 12 magnetostrictive sensors. 
On-field 10 inches pipe 
The 10 inches pipe presented Fusion Bonded Epoxy (FBE) insulation and 
therefore the steps described above for the removal of the coating were followed 
for the installation of the inspection system. 
The total length of this pipe was 12 meters and the position of the transmission 
system (Tx) corresponded to the one of the reception (Rx) of the signal, being 
placed at the pipe‟s left extremity, as in Figure 3-12. This emplacement had 
facilitated a pulse-echo mode inspection for this pipe, this thing constituting one of 
the differences between the effectuated tests on the 8 inches pipe and this one.  
As regards the acquisition system for the received signal, 11 magnetostrictive 
sensors were used in this case. They were uniformly distributed along the total 
circumference of the pipe, each of them covering a circular arc of approximately 
32.73°.  
On this pipe an artificial defect was constructed and placed at a distance of about 
10.5 meters from the inspection system. This defect had a thickness of 2 mm, an 
axial length of 2.3 cm and an angular extent of 45°. The pipe‟s end was also 
inspected, which corresponded to a symmetric defect because of the angular 
extent of 360
o
, and with a thickness equal to the thickness of the pipe, of 6,8 mm. 
Regarding the inspection mode and the other setting of the transmission – 
receiving system (Tx/Rx), the same parameters were used as for the testing of the 
8 inches pipe, previously described: a range of frequencies from 16 kHz up to 64 
kHz, a five-cycle transmitted pulse with the velocity, c=3250 m/s.  
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The artificial flaw is clearly identifiable on the flexural colormap from the Figure 
3-12, due to the characteristic amplitude profile. The indication located at 13m is 
due to multiple reflections between the flaw and the right pipe end.  
The signal was also later filtered using for each of them the filter corresponding to 
their transmission frequencies. Then, each of the registered signals from the 
acquisition sensors was normalized with respect to the transmitted wave on the 
same sector, and the flexural component was extracted for its successive analysis.   
 In-service 6 inches gas pipeline 
A third test was made on a 6 inches, in-service pressurised gas pipe, presented in 
Figure 3-13. As characteristics we can briefly mention the thickness of the pipe‟s 
wall that was equal to 4.5 mm and the fact that on the pipe a protective paint layer 
was applied. 
 
Figure 3-12 – Tests performed on the 10 inches pipe 
Tx/Rx 
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Although the total length of that pipeline exceeded 200 meters, the inspection area 
where defects were constructed covered a pipeline sector of about 30 meters in 
each direction from the position of the transmission sensor (Tx). The pipe 
presented several artificial defects with various dimensions and placed in different 
positions on the pipe. Beside the artificial defects, which can be found in Table 3-3, 
from the paragraph 3.3.2, on the pipe were also present symmetrical discontinuities 
like welds or dielectric joints. 
The parameters of the transmitted signal its frequencies were kept unchanged also 
for these tests, being similar to these described earlier for the other inspected 
pipes. 
The receiving system (Rx) was constituted by the collar containing 8 
magnetostrictive sensors uniformly distributed on the pipe‟s circumference, thus, 
each of them covering a circular sector of 45°.  
 
After the acquisition phase, the signals were filtered and processed to extract the 
flexural components.  
 
Figure 3-13 – Tests performed on a 6 inches in-service gas pipeline 
Rx 
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Figure 3-13 shows the acquired data set. A torsional mode A-scan representation 
of the data acquired by the 11 sensors is shown in the middle graph, while the 
extracted flexural data is represented as a colormap in the lower graph. 
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3.4 Numerical simulations 
For a better analysis of the propagation and the scattering of the torsional and 
flexural guided waves from defects, simulations were made using FEM commercial 
software. Different pipe types of various dimensions were modelled and 
geometrical parameters of the simulated defects were varied.  
In order to correctly simulate the propagation of GW in pipes and to obtain reliable 
results that can be compared to experimental results, all the parameters 
considered had the same values as in the experimental tests. Among them, we can 
remind the geometry of pipes and defects, wave modes of the transmitted and 
received guided waves as well as the position of the magnetostrictive sensors on 
the pipe circumference.  
The T(0,1) fundamental torsional mode was excited in the pipe by prescribing the 
circumferential displacements on the 72 external nodes belonging to z0 plane. 
As was seen in section 2.2 of this paper, T(0,1) is the only non-dispersive mode 
which propagates along the pipe structure. Its theoretical group velocity is cT3250 
m/s, the wavelength is  cT  f0 and its spatial resolution is given by: 
lsr cTTl/2Nh/2. 
An excitation consisting of Nh5 cycles and variable f0, from 16 to 64 kHz 
modulated by an Hanning window is applied. The incident and the reflected waves 
have been observed on the N72 nodes uniformly distributed along the external 
circumference and identified by the angle: 
 n = 0,5,10,..,355 = (n1)∙5°, n1, 2, …72.  
The geometrical construction of the punctual acquisition system consisting of 
magnetostrictive transducers is schematically presented in Figure 3-14. It also 
illustrates the position of the acquiring sectors of this system which receives the 
response signal from the inspected defects [27].  
 
 
Figure 3-14 – Simulated circumferential sectors for local displacements in the 
pipe’s wall cross-section for a torsional wave. 
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The torsional component of the displacement is:  
 
ut(Pn, t) sin(n)ux(Pn, t)  cos(n)uy(Pn, t),                                                       (3-2) 
 
where ux, uy denote the Cartesian components, and its averaged value: 
 
uta(t)n ut(Pn, t)/N                                                                                               (3-3) 
 
The geometry of the simulated defects is presented in Figure 3-15. The position of 
the defect is located on zzd0, with d0°. The simulated defect is characterized by 
its axial extent zd, its circumferential extent, d, and its thickness, td. The radial 
extension of the corrosion is measured by the following parameter: 
 
    
     
     
     
                                                                                                                            (3-4) 
 
where, Ra is the pipe internal radius, whereas Rd, Rb are the external radius in the 
region with and without defect respectively. 
 
 
Z 
Y 
L 
 dz  
zd0 zobs 
 d360  
 Plane z = zd0 
  
aR  
*
bR  X 
Y 
Figure 3-15 – Geometrical characteristics for the simulated defects 
 
Different defects with different axial, circumferential and radial extent 
characteristics have been considered in symmetric and non-symmetric 
configuration. 
In the case of symmetrical defects, with d360°, the radial and axial components 
of displacement are null. As expected, having a torsional mode as a transmitted 
wave the reflected wave is a torsional mode as well, without the existence of any 
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other wave mode (like the flexural mode), as in Figure 3-16, represented by the 
blue dashed line. 
 
Figure 3-16 – Average torsional & local flexural for a 360º simulated flaw. 
 
On the other hand, in the case of the asymmetrical defects, with d from 30° to 
330°, even if the incident wave is a torsional wave mode, the response wave from 
the structure is a combination of multiple modes including torsional and flexural 
modes. The flexural components are due to the interaction between the incident 
torsional wave and the asymmetrical defects. 
 In this situation, from the response wave we can extract the flexural component of 
the signal, knowing that this mode can give us important clues about the degree of 
asymmetry of the inspected defect. 
In order to extract the circumferential displacement of the flexural component then 
local circumferential displacements of the torsional guided wave mode are 
necessary [45]: 
 
       NtPutu
N
n
ndntdfa 


0
00 cos;,,;                         (3-5) 
where:  
ufa is the average circumferential displacement of the flexural component in the 
time instant t, reference angular position 0, defect angle d and  
ut is the local circumferential displacement of the torsional component located in 
circumferential point Pn ≡ (Rb, n, zobs), instant t, for a defect of angular extent d. 
The amplitude |ufa(t, d, 0)| is maximum when 00, 180°. These values are 
related to the symmetry plane of the defect. 
Thus, in the case of an asymmetrical defect, extracting the flexural component of 
the wave, which in our case is the flexural of order 1, shows us a useful feature that 
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is strictly related to the degree of asymmetry of the defect, as we can see in Figure 
3-17. 
 
 
In the two cases presented, the flexural mode is represented for each of the 72 
angular positions by coloured lines, while the average torsional displacement, u ta 
from all the 72 acquisition points appear with thick dashed line that overlap the 
flexural representation: 
  NtPuu
N
n
dntta 


1
;,                                                                                      (3-6) 
A primary observation can be made from these three cases exposed here: 
In the simulated defect having the angular extent (d) equal to 360
o
 the response 
wave shows no presence of any flexural mode, while in the two other cases, of 
d≠360
o
 we see a constant presence of the flexural extracted modes. 
Furthermore, uta changes in amplitude as a function of d. As a consequence, for 
flaws having radial extent ΔR, the flexural to torsional ratio (FTR) can be defined 
as:  
  0,max
0


dfa
ta
u
u
FTR

                                                                                       (3-7) 
 
We must say also that a high FTR corresponds to a high degree of asymmetry for 
a given discontinuity. Moreover, an F(1,2) impulse is characterized by a specific 
amplitude profile with two absolute maximums, M1 and M2 (at 0
0
 and 180
0
 because 
of the maximum asymmetry) and two absolute minimum points, m1 and m2 as 
shown in Figure 3-18. 
 
Figure 3-17 – Average torsional and local flexural for 90º (left panel) and 270º 
(right panel) flaws. 
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Thus, the extracted flexural mode can provide important information on the 
presence of asymmetric discontinuities, their circumferential position and their 
angular extent. This information is not available in the torsional average signal. 
This information will be further explained and used in the Chapter 4, which will 
describe the defect characterization algorithm and method. 
660 defects were simulated, varying their position, distance (d) from the initial 
impulse to the location of these defects as well as the frequency of the incident 
guided wave, (f0) and the three components of the simulated flaws: their thickness 
(td), the axial length (zd) and the angular extent (d) on the circumference of the 
pipes. All these dimensions along with the characteristics of the simulated pipes 
are presented in Table 3-4. 
 
Table 3-4 Parameters used in numerical simulations 
Parameter Values 
Pipe diameter 2, 3, 4, 6, 8, 10, 12, 16, 20 (inches) 
Wave frequency (f0) 16, 20, 24, 28, 32, 36, 40, 48, 56, 64 (kHz) 
Simulated 
defects 
Axial length (zd) 0.6, 1.2, 1.8, 2.4 …….20, 40 (cm) 
Angular extent (d) 10, 20, 30, …..360 (degrees) 
Radial depth (td in %) 10, 30, 50, 70 (% of total wall thickness) 
 
 
Figure 3-18 – Amplitude profile of the flexural impulse 
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Furthermore, the pipes that were inspected in the experimental campaign were 
simulated. These simulations presented similar characteristics with those of the 
inspected pipes. Moreover some of the simulated defects corresponded exactly to 
the real measured defects in order to validate the simulation algorithm.  
In Figure 3-19 were represented the averages of two torsional guided wave 
acquired in 72 points over the total circumference of the pipe, from a simulated 
defect (blue line) and a real artificial constructed defect (red line) having the same 
characteristics: zd= 0.0175 m, td= 60% of the total thickness of an 8 inches 
diameter pipe and d= 30
o
. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Even though the response signal from the simulated defect doesn‟t match exactly 
to the real one, from these two signals specific parameters can be extracted 
through which it is possible to identify and characterize geometrically the real 
defects, as will be shown in the next chapter.  
 
 
Figure 3-19 – Simulated and experimental data for a defect with a 30
o
 
angular extension 
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CHAPTER 4 Development of Defect 
Characterization Algorithm 
To geometrically characterize a defect in a pipe means to determine its three 
spatial dimensions: 
- Radial extent: dr 
- Angular extent: dθ 
- Axial extent: dz  
In order to better characterize the geometry of pipe defects detected with guided 
waves, a set of classification methods had to be chosen as well as a set of 
meaningful features to be provided as inputs for the classification algorithms. 
The sections above described the methods that were chosen to be applied in the 
defect characterization algorithms, as well as the features that were used for the 
recognition of each spatial dimension. Moreover, it has been shown how 
experimental data has been acquired and how GW-defect interaction data has 
been retrieved from numerical simulations. 
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4.1 Phases of defect characterization 
Generally, characterization of each spatial dimension of defects from GW signals 
involves the following steps: 
1. Preprocessing of simulated and experimental data 
2. Extraction from simulated and experimental signals of signal features that 
are meaningful for each specific spatial dimension 
3. Training with a large amount of simulated data using the extracted signal 
features 
4. Insertion of the features extracted from experimental data into the 
classification algorithm for the recognition of defect dimensions 
 
In the section describing experimental data acquisition, a pre-processing phase 
was described in which raw signals were being filtered at proper frequency before 
being fed into the recognition algorithm. 
Another preprocessing was described in the section regarding numerical 
simulations. It consisted in the extraction of flexural data from local acquisitions of 
torsional signals around the pipe circumference. 
In the next phase torsional and flexural data from simulations was used to 
determine the effects that the GW-Defect interaction has on the relation between 
the two components: torsional and flexural. In this phase, particular signal features 
were isolated that were specific exclusively to a single defect spatial dimension.  
Axial extent (dz) 
It was noted that a variation in the axial extent influences the following signal 
features: 
- the temporal extension of the reflected impulse till its splitting in two 
different pulses; 
- increases or decreases the amplitude of the reflected torsional impulse 
due to interferences that occur between the two borders of the defect. 
Angular extent (dθ) 
It was observed that the angular extent of a defect has at least two particular 
effects over the incident impulse: 
- A modification in the shape an irregularity of the torsional impulse; 
- Produces a flexural component whose magnitude depends on the degree 
of asymmetry of the defect; 
- Influences the amplitude of the reflected impulse. 
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Radial Extent (dr) 
The radial extent has no influence over the signal shape or duration, or on the 
presence of flexural components. Its only effect is on the signal magnitude. 
 
As a conclusion, from the observations made after the study of the experimental 
data as well as the simulated signals, a series of features that characterize the 
reflected impulse were isolated. These are: amplitude, temporal extension, shape 
and regularity and flexural component. As can be noticed some of these features 
are commonly influences of more than one spatial dimension (amplitude), while 
others are influencing exclusively one dimension (temporal extension, shape and 
regularity and flexural component). 
As a consequence a particular order was decided in the process of determining the 
3 dimensions.  
The idea was to determine first the dimensions that are given exclusively by certain 
features, and then perform an amplitude correction (or normalization).  
For example, the axial extent (dz) could be determined in the first step using the 
temporal extension of the reflected impulse and exclude from the signal the 
amplitude value that was given by the axial extent. Thus, the resulted signal will 
have an amplitude that does not depend on the axial extent, and therefore, the 
amplitude information can be used exclusively to determine the cross-sectional 
area (dS), which includes the radial and angular extent. 
In an independent step, the angular extent (dθ) can be determined by using one of 
its exclusive signal features: flexural component or shape and regularity. 
Knowing the cross-sectional area and the angular extent leads easily to the 
geometrical computation of the last spatial dimension which is the radial extent –dr. 
These observations determined the sequence of actions for the characterization 
algorithm represented in Figure 4-1. 
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Figure 4-1 – Defect spatial dimensions: order of computation 
 
Details of the computation of each spatial dimension are explained in the sections 
below. 
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4.2 Determination of axial extent – dz  
Finding the axial length in the first step is an important task knowing that it has an 
influence on the amplitude and temporal extension of the reflected impulse. 
Therefore, the axial extent affects a signal feature that is common to the cross-
sectional area (dS) of the flaw. Thus, rises the need of performing amplitude 
normalization in order to isolate the amplitude feature and reserve it for use 
exclusively for a single defect characteristic: dS. 
There is in the literature information on attempts to classify the axial extent [27]. 
Some of these refer to the observations on interferences given by the reflections 
from the two axial edges of the defect. 
Other papers that debate the axial length problem of the inspected flaws using 
magnetostrictive GW proposed procedures of multi-frequency guided wave 
screening using magnetostrictive transducers and were presented initially in [71], 
and later in [69].  
Departing from the observation that the non-linear scattering on the acquired 
signals is associated with the axial extent of the defect this paper finds that by 
screening defects with different axial length within a range of frequencies, the 
signals coming from these flaws have a different response to the various GW 
frequencies. 
4.2.1 Description of methods 
In this work the principle of wave interference was taken advantage on and, under 
the same principle, two methods were applied: 
a) Single-frequency test  
b) Multi-frequency scanning 
a) Single-frequency test 
An example of a single-frequency test (32 kHz) is shown in Figure 4-2 for two 
defects having axial lengths of 1.27 cm, 5.08 cm and 20 cm respectively or in terms 
of wavelength  /8,  /2 and 2  respectively. As can be seen from the three 
simulated signals the response signal tends to enlarge the time duration (T‟) 
between the amplitude‟s absolute maxima until an effective split for the defects 
having a greater axial length.  
For a better understanding of the relation between the duration of the reflected 
impulse and the axial extent, an extensive number of simulations was performed 
and the result was plotted in Figure 4-3. Here the ratio T‟/T is represented as a 
function of defect length. In this figure T represents the fundamental period of the 
transmitted impulse, while T‟ is the duration between two major peaks of the 
reflected impulse. The analysis was made on defects with the axial length in the 
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range 1.27 cm ( /8) and 10.16 cm ( ) at a frequency of 32 kHz, varying also the 
angular extent (of 30
o
 and 240
o
). For defects whose axial extent ranges from   /8 to 
  /2 the trend is exponential (interference without impulse separation), while it is 
linear for other extents (separation of echoes).  As could be observed, the trend is 
stable when changing other parameters of the test, like wave frequency and is 
independent of the other defect dimensions: radial or angular extent. 
 
 
The limitations of this method are found when experimental signals are evaluated. 
In these cases, because of the existence of electronic and coherent noise 
(undesired wave modes) it becomes essentially difficult to locate the two absolute 
maxima in order to correctly measure the duration of the reflected impulse. This 
fact makes this method less reliable for small defects, but it is still a good option for 
large defects in terms of axial length, when the reflected impulse splits into two 
separate impulses. 
a. b.  
c.  
Figure 4-2 – Simulated signals for defects having different axial length:          
1.27 cm (a), 5.08 cm (b) and 20 cm (c) 
T’ T’ 
T’ 
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b) Multi-frequency scanning 
In this work, a method based on multiple-frequency scanning was applied.  
In terms of amplitude variations of the reflected impulse, a multi-frequency 
scanning on a single defect has the same results as a single-frequency test on 
multiple defects with gradually increasing axial extents. To prove this statement, a 
multitude of simulations have been performed, first by changing the axial length of 
defects, and second by changing the test frequency. Results of these tests were 
represented in Figure 4-4 and Figure 4-5 respectively.  
In these figures the parameter extracted from the simulation results and 
represented as a function of the axial extent, was the signal amplitude maxima, 
previously normalized to the transmitted wave on each of the acquisition sectors. 
Thus, in Figure 4-4  defects with axial length varying between 0.63 cm and 20.32 
cm were simulated, with the frequency of the guided wave signal fixed at 32 kHz, 
having, therefore, a wavelength,  =10.16 cm.  
The radial extent was also varied and thus, their cross-sectional area. Three 
different thicknesses were chosen, two of 30% of the total thickness of the pipe and 
the third of 70%. 
 
Figure 4-3 – Relation between axial length (dz) and impulse temporal 
extension (T’) 
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Figure 4-4 – Behavior of the signals amplitude maxima for defects with different 
axial lengths at a frequency of 32 kHz 
 
Considering that the analysed signal for the characterization of the radial extent of 
the flaws was a torsional guided wave mode, the angular extent of the defect was 
for all these defects equal to 360°. It was observed that a dependence exists of the 
absolute maxima of the signal amplitudes to the axial length of the simulated 
defects and a very small variation to the other different characteristics. 
In Figure 4-4 with dashed black line were represented the defects with a thickness 
of 70% of the total thickness of the pipe, having metal gain, with blue dashed line 
while with star markers were represented the defects of 30% radial extent with 
metal gain and, finally, with red dashed line and triangular markers are the defects 
with 30% metal loss.  
Afterwards, the dependence of the signal amplitude maxima from simulated 
defects having the same characteristics described before was computed over a 
range of frequencies between 16 kHz and 40 kHz with the step size of 4 kHz. In 
this case, for a better understanding of the amplitude trend, regardless the test 
frequency, the axial extent was expressed in terms of wavelength multiples. 
It was observed that the trend of the graph remains unchanged when there is a 
variation of the frequency, as is shown in Figure 4-5. It can be concluded that the 
maxima of the amplitudes evolves as function of the axial length of the defects and 
the frequency of the transmitted guided wave. 
What was remarked in the behaviour of the amplitudes maxima of the analysed 
signals is the fact that every defect, respect to its axial length presents two maxima 
situated at  /4 and, respectively, at 3 /4 and a minimum at  /2, for the wavelength 
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( ) corresponding to each frequency. These points of minima and maxima will 
repeat at every multiple of    /2 until the stabilization due to the impulse splitting 
when the defect extremities are seen as two different defects. 
 
Figure 4-5 – Dependence of signals amplitudes maxima vs. their axial length for a 
range of frequencies between 16 and 40 kHz 
It was observed also from the data acquired from the experimental tests that a 
given defect will have, in most of the cases, for a range of frequencies between 16 
and 64 kHz at least one of these maxima and a minimum, according to the axial 
length of the defect, fact that helps us to determine the value of its axial length, by 
observing the position of the two maxima.     
Thus, for a given defect, one can perform a frequency scan with test frequencies in 
the range from 16 kHz to 64 kHz and observe the amplitude of the reflected 
impulses. If no minimum or maximum points can be located, then the frequency 
range can be extended. Then, knowing the test frequency, f0 on which the 
response signal has the maximum or the minimum of its amplitude we can 
compute the axial length of this defect. 
Thus, for the first found maximum we have: 
 
   
 
  
 
 
 
   
 
 
 
                                                                                                                         (4-1) 
where dz is the axial length of the defect, c is the velocity of the torsional guided 
wave, c=3250 m/s and   is the wavelength corresponding to the frequency f0 of the 
transmitted guided wave on which we found the first maximum of the amplitudes 
maxima of the defect‟s signal.  
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For the first minimum found in the trend of the amplitudes we will have the axial 
length of the defect: 
 dz = ½*c/f0, thus ½   for the given frequency. 
For the second maximum we have ¾   for the corresponding f.  
In the case of large defects, the frequency scan has to include very low frequencies 
in order to find the first maximum in the trend of amplitudes. However, in these 
cases, if high frequencies are used the impulse splitting will be noted and thus, the 
distance between the edges can be measured with good precision applying 
method a). 
There is also the case in which the axial length of the defects is very small. In this 
case in the frequency range of 16 – 64 kHz we can find only one maximum. In this 
case, conform to the dependence of dz to the chosen frequencies, anterior studied, 
it was observed that this singular maximum is always the first maximum. 
To give an example, Figure 4-6 presents the case of a simulated small defect with 
an axial length of 2.9 cm, inspected with a range of frequencies between 16 and 40 
kHz. The maximum of the amplitude‟s maxima is found at a frequency of 28 kHz.  
Thus, according to equation (4-1) above mentioned, the axial length will be: 
  
   
    
     
 
 
 
        
 
In the case of the defects with axial lengths smaller than the one presented and for 
which maximum will not be found in the frequencies range chosen by us in 
simulations, of 16 – 40 kHz, it will continue the inspection with greater frequencies 
until will be found the first maximum of the amplitudes maxima of the response 
signal. 
 
 
Figure 4-6 – Behaviour of the signals amplitudes maxima for a defect of 2.9 cm 
axial length on a range of frequencies between 16 and 40 kHz 
81 
 
4.2.2 Experimental validation 
After the description of the functionality of this first part of the analysing algorithm 
which computes the axial length of a defect, a real case will be presented which 
involves an artificial defect on a real pipe having metal gain, with the following 
dimensions: 
dz = 3cm, dθ = 79
o
 and dr = 30% (1.53mm). 
This defect was placed on an 8 inch-pipe with a total length of 5 m, at a distance of 
3.45 m from the transmitting guided waves system, which was positioned at a pipe 
end. The transmitted guided wave was a torsional wave, over a range of 
frequencies between 16 and 64 kHz. 
Figure 4-7 presents the plot of the amplitude maxima of the signal from the defect 
above mentioned, for all the frequencies of the transmitted torsional guided wave 
mode in the range 16-64 kHz. This plot keeps the trend of the amplitudes maxima, 
having a maximum corresponding to the frequency f0 of 24 kHz.  
Considering that the amplitude trend has only one maximum without a minimum 
and that the response signal of the defect does not split at any of the used 
frequencies, we can conclude that the defect has a small axial extent. Moreover, as 
we saw before, this maximum that we found situates us in the first case. Thus, in 
conformity with equation (4-1), the axial length of the defect can be computed as: 
   
    
     
 
 
 
        
 
 
Figure 4-7 – Amplitude maxima behavior for an artificial defect with dz=3cm on a 
real pipe 
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Through the method above described we found for the real defect its axial length 
dz=3.4 cm. The artificial defect had an axial length of 3 cm. We have, thus, a fair 
error of 4 mm, error which could have different causes. It could be due to the 
defect‟s construction or because the inspection of the defect was effectuated on a 
range of frequencies with the step of 4 kHz, implying, thus, a possible error of the 
computing due to the resolution of the used frequencies.  
As a conclusion this method can be used for the determination of the axial length 
of defects detected with a GW sensor, with good results. Moreover, it has been 
shown that the method relies exclusively on the interference information and there 
is no influence of the absolute amplitude or other parameters of the reflected 
waves. 
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4.3 Determination of angular extent – dθ  
There is little information available in the scientific literature on the characterization 
of the angular extent of defects detected with GW-NDT. Existent methods rely 
mainly on focussing techniques achieved with multi-element collars used both in 
transmission and acquisition of GW. These present, however limitations in cases of 
defects located at long distances from the sensor position and in the cases of small 
OD pipes. In other cases the degree of asymmetry is estimated by evaluating the 
magnitude of asymmetrical modes reflected from defects. This method has also its 
limitations related to the fact that asymmetrical modes are also generated in the 
transmission phase due to the fact that the collar elements do not cover the entire 
pipe circumference. 
In [26] a new configuration of magnetostrictive sensor was presented. It allows the 
transmission of GW by their generation on the entire pipe circumference. Thus, 
symmetrical and pure torsional waves are generated. In the reception phase, the 
signal is acquired by using a collar of magnetostrictive sensors that allow the 
acquisition of different signals in various circumferential points. This sensor was 
described in 2.5.1 - Development and validation of the new magnetostrictive 
sensor. 
A characterization algorithm generally needs a set of meaningful signal features 
that provide exclusive information on the spatial dimension that has to be 
recognized.  These features can be identified by observing the interaction between 
the incident wave and various types of defects. Furthermore, the extracted features 
must be applied with proper signal processing or classification methods that are 
suitable to the specific problem of defect characterization from GW-NDT. These 
steps are detailed in the following sub-sections of this thesis.  
4.3.1 Initial observations 
If the acquisition of the signal would be made with the symmetrical system then the 
needed information would be lost, because this symmetrical system acquires only 
an average of the torsional signals characteristic for each of the acquisition sectors 
along the total circumference of the pipe. 
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In order to demonstrate this fact, Figure 4-8 presents two GW torsional signals 
acquired with a symmetrical acquisition system. In this figure there are two 
response signals from two simulated defects with different angular and radial 
extents but with the same cross-sectional area of 30% form the total cross-section 
of the pipe. 
A signal from a simulated defect having the angular extent, dθ=150
o
 and a radial 
extent dr=70% from the total thickness of an 8 inches diameter pipe is represented 
with a blue line, while the response signal of a second simulated defect with 
angular extent, dθ=210
o
 and radial extent dr=50% from the total thickness of the 
pipe is represented with a red line. As can be observed from the representation of 
these two signals, the differences in their amplitude and shapes are insignificant. 
Unlike the response signals acquired with the symmetrical acquisition system, 
those acquired with the magnetostrictive collar acquisition system keeps in its 
shape certain features which can be useful in finding the defects angular extent. 
Figure 4-9 shows overlapped torsional signals acquired from two artificial defects 
(defects no. 7 and 11 from Table 3-3). This representation shows major differences 
between a symmetrical acquisition made with a single magnetostrictive sensor 
placed around the whole circumference of the pipe (360
0
) and the acquisition with 
the punctual system in which case the acquisition of the response signal is made 
over 12 sectors uniformly placed around the whole circumference of the pipe, each 
magnetostrictive sensor covering, thus a circular arc of 30
0
. 
 
 
Figure 4-8 – Two torsional GW signals from two defects with same cross-sectional 
area -dS but different depth -dr and angle -dθ 
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In the upper panel (a) we have the torsional guided wave mode signal acquired 
with the symmetrical acquisition system (represented by a red line) and the 
torsional guided wave signal acquired with the punctual acquisition system 
(represented with lines of other colours). The signal was generated by an artificial 
defect placed on an 8 inches diameter pipe. The dimensions of the defect are: 
dz=1.75 cm 
dr=25% from the total thickness of the pipe and 
dθ=180°.  
In the lower panel (b) we have the representation of the same signal types as in 
(a), but in this case the angular extent of the real defect was modified. Thus, this 
defect had the following geometrical characteristics: 
dz=1.75 cm 
dr=25% from the total thickness of the pipe and 
dθ=300°. 
                 
 
Figure 4-9 – Overlapping torsional signals acquired with a symmetric 
acquisition (red line) and magnetostrictive collar (other color lines) from two 
artificial defects with different angular extents of 180
o
 (a) and 300
o
 (b) placed on 
a real pipe 
a. 
b. 
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Analysing the torsional signals acquired with the punctual acquisition system, 
differences can be observed between these signals acquired on different sectors. 
These differences are in amplitude as well as in the shape and phase of the 
signals. Moreover, these differences are particular for each defect. In our case the 
only difference between the two measured defects on which were acquired the 
analysed response signals, was their angular extent, dθ. 
4.3.2 Signal features for the angular extent 
Departing from the above observation particular signal features were searched with 
which one could characterize and quantify the behaviour of each of the torsional 
guided waves acquired on each sector and find correlations with the defect shape 
in general and angular extent, dθ in particular. 
For a better analysis of the response signals the behaviour of the response signal 
from a large number of simulated defects and defect shapes was observed.  
Analysing the response signals coming from the symmetrical defects (dθ=360
o
,) it 
was observed that the presence of flexural modes was not notable, thus, the 
reflected wave was torsional. 
In the case of asymmetrical defects, when dθ≠360
o
, even if the transmitted signal 
is a torsional  guided wave, the response signals are waves which have in their 
composition flexural components, as was presented in section 3.4 – Numerical 
simulations. 
Therefore, the differences of amplitude and shape of the response signals from a 
defect on every acquisition sectors are caused by the existence of multiple wave 
modes existing in the local response signals acquired but the individual collar 
sensors. 
A conclusion from the above observations is that the angular extent of a defect has 
at least two particular effects over the incident impulse: 
- A modification in the shape an irregularity of the torsional impulse; 
- Generation of a flexural component whose magnitude depends on the 
degree of asymmetry of the defect; 
- Influence on the amplitude of the reflected impulse. 
As noticed from the numerical simulations and experimental tests, the signal 
regularity and the presence of flexural components are features that are exclusively 
influenced by the degree of asymmetry of the defect, thus by its angular extent. On 
the other hand, variations of the amplitude can be also the effect of radial or axial 
extent and therefore this is not a reliable feature for the characterization of the 
angular extent. 
As a result, the only two signal features that can be used for the characterization of 
the angular extent are: 
- The degree of irregularity of reflected local circumferential signals 
- The presence and magnitude of flexural components 
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With reference to the two signal features above, the following two parameters were 
defined: 
- Sum of Euclidean Distances – SED which refers to the degree of 
irregularity of the reflected impulse; 
-  Flexural-to-Torsional Ratio – FTR which refers to the presence and 
magnitude of flexural components. 
These signal features are detailed in the sections below. 
Sum of Euclidean Distances – SED 
The literature study as well as observations made on a huge number of numerical 
simulations have shown that the total signal length or the sum of Euclidean 
distances (SED) between each two consecutive signal samples, taken over the 
whole duration of the reflected impulse has important variation depending on the 
degree of asymmetry of the encountered defect.  
 
With reference to Figure 4-10, the Euclidean Distance – L between two 
consecutive signal samples is defined as: 
       √      [             ]                                                                    (4-2)     
where    
 
  
 with fs the sampling frequency and       is the amplitude value 
corresponding to the time instant,   . 
  
Figure 4-10 – Euclidean Distance- L between two signal samples 
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Then, for the signal acquired by the i
th
 sensor of the magnetostrictive collar, the 
sum of the Euclidean distances over the entire impulse duration, normalized with 
respect to the fundamental period, T is: 
 
     
 
 
∑       
 
   
 
                                                                                                                            (4-3) 
Where i=1,2,3….M are acquisition sectors around the circumference. 
 
In order to elaborate a unique parameter for each defect, the SED was computed 
considering all the 72 circumferential signals and by computing the route-mean-
square (RMS). 
Thus: 
   
    
    [    ]
√ 
 
                                                                                                                            (4-4) 
To observe the complexity of the signals coming from the artificial defects placed 
on the inspected pipes and acquired on each sector with the local acquisition 
system, the response signals from simulated defects were used in a first step in our 
analysis. 660 simulated defects with different geometrical characteristics placed on 
different pipe types, inspected with a wide range of frequencies, all these 
presented in Table 3-4 within the section 3.4. For each defect, signals acquired 
with a punctual acquisition system consisting of 72 sectors were simulated, each 
sector covering 5° of the total circumference of the pipe. 
As an example, Figure 4-11 presents a number of signals from simulated defects 
having the same axial and radial extents, dz=1.27 cm and, respectively, dr=50% of 
the total thickness of an 8 inches pipe, but with different angular extents for which 
the SED parameter was computed. In the first case, (a) the angular extent is, 
dθ=30
o
, for (b) dθ=150
o
, in (c) dθ=240
o
. Finally, in the case of (d) dθ=360
o
, this 
being a symmetric defect, all the signals acquired from the 72 sectors are perfectly 
overlapped.  
It can be observed that with the increasing of the angular extent, the signal 
complexity and, thus SED, decreases, until a minimum value is reached in the case 
of the symmetrical defect, where the angular extent is 360
o
. 
These results show that SED can be a good parameter to be used in particular 
classification methods for the characterization of angular extent of defects revealed 
in pipes by the GW-NDT technique. Its application in the classification algorithms 
will be described in the sections dedicated to the methods of characterization. 
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Flexural-to-Torsional Ratio – FTR 
As we saw in section 3.4 of this thesis, a component part which exists in a torsional 
guided wave mode acquired by the magnetostrictive punctual receiver is the 
flexural mode component which can be extracted according to (3-5) equation [68] 
as: 
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where:  
ufa is the average circumferential displacement of the flexural component in the 
time instant t, reference angular position 0, defect angle d and  
ut is the local circumferential displacement of the torsional component located in 
circumferential point Pn ≡ (Rb, n, zobs), instant t, for a defect of angular extent d.  
While the average torsional displacement, as it appears in the same section 3.4, is 
given by (3-6): 
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Figure 4-11 – Signals from simulated defects with constant dz and dr but with different 
axial extent, from 30
o
 to 360
o 
a) dθ=30
o 
SED=20.03 
b) dθ=150
o 
SED=10.41 
c) dθ=240
o 
SED=6.02 
d) dθ=360
o 
SED=0.40 
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Both experimental acquisitions and simulation results have shown that the amount 
of flexural components that is present in the acquired signal depends on the 
degree of asymmetry of the encountered defect. With this observation, a second 
signal feature that could show good results on finding the angular extent of a defect 
is the flexural to torsional ratio (FTR).  
Thus, in Figure 4-12, two guided wave response signals are presented, that were 
acquired from the defects no. 7 and 11 from the Table 3-3, whose characteristics 
we presented earlier. Let‟s mention that in the first case, in the upper panel, (a) are 
represented the response signal from a real defect with angular extent dθ=180
o
, 
while in the lower panel (b) is represented the response signal for a real defect with 
angular extent, dθ=300
o
. 
In the panel a. are superimposed the torsional component of the defect acquired 
with a single sensor wrapped over the whole circumference of the pipe, thus 
acquiring a single torsional guided wave mode for the total circumference of the 
pipe (represented with dashed red line) and the flexural component, extracted with 
the help of equation (3-5), from 12 torsional signals acquired with 12 
magnetostrictive sensors uniformly distributed around the pipes circumference, 
thus we have 12 flexural signals (represented with coloured continuous lines). 
In the panel b. we have the same torsional guided wave signal (with red dashed 
line) and the flexural component extracted from the acquired signals from the 12 
magnetostrictive sensors. 
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As can be seen from the figure, the two cases differ one from another only for the 
angular extent. If the ratio between the maximum amplitude of the flexural signals 
and the maximum amplitude of the torsional signal is analysed, it can be noted that 
F/T ratio decreases with the increase of the angular extent of the defects. Thus it is 
visible that in the case of the response signals of the defect having dθ=180
o
 
presented in (a), the F/T ratio is greater than in the other response signals from a 
defect with an angular extent of dθ=300
o
, represented in (b). 
 
By observing the behaviour of the flexural component of the acquired signals from 
the inspected defects we can deduce the dependence of the torsional to flexural 
ratio (FTR) respect to the angular extent of each defect. 
a.  
b.  
 
Figure 4-12 – Superimposed flexural and torsional components of two signals 
acquired from defects with different angular extent: a. dθ=180
o
; b. dθ=300
o
. 
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After this first observation, to find a solid conclusion over this behaviour was 
computed the FTR factor for a greater number of simulated defects. As we 
previously saw, in section 3.4, FTR is given by (3-7) [45]: 
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where uta is the average torsional displacement and u fa is the average 
circumferential displacement of the flexural component. 
 
Figure 4-13 shows four simulated defects with the same axial and radial extents 
dz=1.27 cm and, respectively, dr=50% of the total thickness of an 8 inches pipe, 
but with different angular extents, defects for which was computed the FTR factor. 
In these cases, considering that the simulation of the signal acquisition was made 
for 72 sectors uniformly distributed around the whole circumference of the pipe 
there will be a flexural component for each torsional response signal corresponding 
to its acquisition sector. Thus there will be 72 flexural signals for each simulated 
defect. 
In the panel (a) the torsional component of the response signal is presented with a 
red line for a simulated defect having an angular extent dθ=30
o
, along with the 
flexural components for the same defect (represented by other coloured lines). The 
computed FTR in this case is 0.9534, thus the amplitude‟s maximum for the 
flexural component is almost equal to the amplitude maximum of the torsional wave 
mode. 
In the panel (b) another defect is presented with the same axial and radial extents 
as in case (a), but with different angular extent, dθ=150
o
. In the same manner, the 
flexural and torsional components of the response signals from the defect are 
superimposed. As can be noted, the ratio between the amplitude‟s maximum of the 
flexural components and that of the torsional component of the response guided 
waves signals decreases with the increase of the angular extent. In this case 
FTR=0.6980. Similarly, for dθ=240°, FTR=0.3782, while for dθ=360°, FTR= 0. 
4.3.3 Description of methods 
Literature study in the field of NDT indicated that artificial intelligence classification 
methods in general and Support Vector Machine algorithm in particular could be 
good candidates to be applied in the classification of defects detected with GW-
NDT. Moreover, practical observations done on the trend of the described features 
in function of defect angular extent suggested that regression methods could also 
be applied.  
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Regression methods 
Regression methods refer to finding a function that fits the trend of the identified 
features on simulated results, and then apply it on experimental data. The features 
that were used are the same as described above: the Sum of Euclidean Distances 
(SED) and the Flexural-to-Torsional Ratio (FTR). 
 
 
SED 
The relation between SED and the angular extent was determined from simulated 
results and then confirmed and tested with experimental tests. 
Figure 4-14 shows the behaviour of the SED in relation to the angular extents of 
the simulated defects. Initially 6 different cases of defects was considered with dz 
from 1.27 to 6.35 cm and dr from 30% to 70% from the total thickness of the pipe, 
varying also for each defect the angular extent, dθ=30
o
, 60
o
, 90
o
, …, 360
o
. In total 
12 angles for each defect, were considered. Thus 72 cases of simulated defects 
were analysed. The trend of SED is shown in Figure 4-14, noticing that the curve 
lines present fair overlapping. 
 
Figure 4-13 – Torsional and flexural component signals for simulated defects 
with different angular extents and their computed FTR: a. dθ=30
o
; b. dθ=150
o
;  
c. dθ=240
o
; d. dθ=360
o
. 
a b. 
c d. 
FTR=0.9534 FTR=0.6980 
FTR=0.3782 FTR=0 
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This trend remains stable and therefore reliable when other parameters are varied 
like: axial and radial extent, pipe diameter or test frequency as is shown in Figure 
4-15. Here, a small part of the analysed defects are represented (with markers) for 
a better visualisation. The plotted cases were chosen among other analysed cases 
to offer an ample image over the trend of the SED respect to the angular extent. 
In the following stage results from 156 simulation data were used to fit a function 
that describes the relationship between SED and the angular extent of defects 
(Figure 4-15). Simulated defects included several defect shapes, pipe diameters 
and various values of the test frequency.  An exponential fitting of simulated data 
provided the following function: 
 
                                                                                                (4-5) 
where dθ is the angular extent of the defect,      is the Sum of Euclidean 
Distances computed in conformity to equation   (4-4) and p1, p2, p3 are coefficients 
of the exponential function with: 
p1 = 572.3; 
p2 = -0.046335; 
p3 = -197.69. 
 
 
Figure 4-14 – Relationship between SED and defect angle on 72 simulated 
defects with various geometrical characteristics 
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Next, equation (4-5) will be applied to SED values extracted from GW signals 
acquired with a magnetostrictive system on real pipes with artificial defects in order 
to estimate their angular extent. An example in this sense, is given below for an 
artificial defect (defect no. 9, from Table 3-3) placed on an 8 inches pipe inspected 
with the guided waves magnetostrictive system with punctual acquisition. The 
geometrical characteristics of this defect are: 
dz=1.75 cm,  
dr=25% from the total thickness of the pipe and 
angular extent, dθ=240
o
. 
The response signal from the defect was acquired on 12 sectors at a frequency of 
28 kHz, as shown in Figure 4-16, in the panel a, with coloured continuous lines. In 
the same panel is represented the torsional guided wave mode with dashed red 
line overlapped with the local signals. In the panel (b) the 12 torsional transmitted 
direct waves are shown, one for each acquisition sector (represented by the 
coloured continuous lines) and the average of these torsional transmitted wave 
modes represented with dashed red line.   
 
 
Figure 4-15 – Relationship between SED and defect angle on 156 simulated 
defects; exponential fitting of simulated data (red plot) 
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After the amplitude normalization of the response signals with respect to the 
transmitted wave corresponding to each acquisition sector, the SED parameter of 
the defect, was computed according to equation   (4-4) and the value found was: 
SEDrefl= 9.6332. 
In the case of real acquisitions, the procedure must take into account the fact that 
in the real GW inspections in the transmission phase, the torsional wave may 
include electronic and coherent noise that is transferred to the reflected wave and 
that contributes in an increase in the degree of irregularity of the reflected wave. 
This means that the value of the SED parameter computed for the reflected wave 
will contain a component that had its origin in the transmitted wave. 
In this case the correction that can be made is to subtract the SED computed for 
the transmitted wave from the SED of the reflected wave. The result will be in this 
way only the effect of the asymmetry of the defect. 
 
 
Figure 4-16 – Superimposed GW signals acquired with 12 magnetostrictive 
sensors: a – from the artificial defect; b – the transmitted wave  
a. 
b. 
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In the present example, the transmitted wave (direct wave) shown in Figure 4-16 
had: 
SEDdw=3.7727 which is a value characteristic to an all-most symmetrical defect. 
Consequently the value of SED given by the artificial defect was: 
SED=SEDrefl – SEDdw = 5.8605; 
Then with the function (4-5) we find for this defect an angular extent of θ=236,3° 
which is to be compared with the real angular extent of the artificial defect that was 
dθ=240°. 
The reliability of this method will be discussed in a further chapter, when the results 
of multiple experimental tests and a large number of simulation results will be 
presented for statistical analysis of the errors. 
FTR 
As explained in section 4.3.2 - Signal features for the angular extent, studies 
performed on GW simulations as well as experimental measurements showed that 
flexural-to-torsional ratio is a good indicator of the degree of asymmetry of a defect. 
By studying the behaviour of the flexural and torsional components from the 
various cases of simulated defects and pipe types we were able to plot a diagram 
which illustrates the relationship between the angular extent and the FTR factor, as 
shown in Figure 4-17.  
In this figure the cases of 108 simulated defects was represented. The simulation 
parameters that were varied were:  
- Pipe diameter: 4, 6, 8 and 12 inches 
- Defect axial extents: from 1.27 cm to 6.35 cm 
- Defect radial extent: from 30% to 70% from the total thickness of the pipe 
- Defect angular extent, dθ from 30° to 360°, with a step size of 30
o
, thus 12 
angular extents for each simulated defects having the described 
dimensions. 
The large number of data and the good overlapping of the plots, independently of 
all the different test set-up and parameters, allowed finding the proper function that 
better fits this data: 
  
                                                                                                            (4-6) 
Where dθ is the angular extent of the defect     is the flexural-to-torsional ratio 
computed in conformity to equation (3-7) and a, b are coefficients of the linear 
function with: 
a= -319.1; 
b= 359.53. 
98 
 
This relation will further allow the computation of the angular extent for a given 
value of the FTR factor, extracted from data acquired experimentally. 
 
To validate this method of finding the angular extent we will consider the same 
case as presented in the SED method of computing the angular extent. The case is 
that of an artificial defect (no. 9 form Table 3-3) located on a real pipe. 
The dimensions of the defect were: 
- dz=1.75cm 
- dr=25% from the total thickness of the pipe 
- dθ=240°. 
For the investigation of this defect, in the transmission phase a torsional guided-
wave was used with a frequency of 28 kHz, while the response GW signal was 
acquired by the punctual receiving system consisting of 12 magnetostrictive 
sensors. 
Figure 4-18 shows in the panel (a) the flexural component (with continuous 
coloured line) and the torsional component (with dashed red line) of the guided-
wave signals from the artificial defect with having the described dimensions. 
Panel (b) presents the flexural (with coloured continuous line) and the torsional 
(with dashed red line) components of the transmitted direct wave.  
The 12 acquired signals reflected from the defect were later normalized with 
respect to the transmitted wave corresponding to each of the 12 acquisition 
sectors. 
A primary observation in this case is that the transmitted wave presents a very low 
flexural component which means that the wave generation was performed with 
good symmetry with respect to the pipe circumference. However, in order to obtain 
 
Figure 4-17 – Relationship between the angular extent and the FTR factor from 
various simulated cases of defects and pipes 
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a good FTR for which the defect asymmetry is the only responsible (FTRDEF), the 
FTR value corresponding to the transmitted wave (FTRTW) has to be subtracted 
from the FTR value of the reflected wave (FTRRW).  
It follows that: 
FTRDEF=FTRRW-FTRTW 
Using equation (3-7) to compute FTR values, we have: 
FTRDEF=0.535-0.197=0.337. 
Next, applying the relation (4-6) found by linearly fitting the simulated data, we 
have the angular extent of the experimental defect: 
dθ= 251.9°. 
  
For the experimental case presented here, the error of computation of the axial 
extent is lower when the SED signal feature is used than when the FTR is 
computed. 
a)  
b)  
Figure 4-18 – Overlapping flexural (coloured continuous lines) and torsional (red 
dashed line) GW signals: a) from a real defect with angular extent dθ=240
o
; b) 
from the transmitted wave 
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Therefore, for an artificial defect with angular extent dθ=240° the values 
determined from the experimental GW data using the two signal features were:  
dθSED=236.3° 
dθFTR=251.9° 
The method which involves computing the FTR has, however, some benefits over 
the SED computing method.  
As seen from the graph in Figure 4-17, through this method a greater stability in 
computing of the angular extent can be obtained for defects located on pipes with a 
diameter smaller than 6 inches. Also, with this method smaller errors can be 
obtained when computing the defects having angular extents smaller than 60°. 
We can resume that the SED method along with the FTR factor computing method 
can offer a viable solution for the computing of the angular extent of a defect. 
These signal features, SED and FTR, will be used in a large simulation and 
experimental campaign for a statistical evaluation of the various methods used in 
this thesis to characterize defects detected with GW-NDT. 
Support Vector Machine – SVM 
The support vector machine method was used as an alternative method for 
recognizing the angular extension. It replaces the fitting functions used in the first 
procedure, to compute angular extents.  
This method which was generally described in section 3.2.1 consists of two main 
phases: 
- The training phase 
- The testing phase 
In the training phase a number of 36 classes were considered from 660 simulated 
defects. Each class included 12 defects having various axial and radial extents, but 
the same angular extent- dθ. These defects were chosen after the careful 
observations of the plots in which are represented the angular extents dependence 
of the defects respect to the chosen signal features represented by the parameters 
described in section 4.3.2: SED and FTR.  
Among the 660 cases simulated varying the defect parameters, pipe dimensions 
and frequencies in the range 16 kHz – 40 kHz, the defects that were chosen were 
representative for all defect characteristics. These defects had their geometrical 
characteristics in the following ranges: 
dz=0.6 cm ..40 cm 
dr=10, 30, 50 and 70% from the total thickness of the pipe 
dθ= 10°…360°
 
with a step of 10°. 
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In the training phase, the input data consisting in the Sum of Euclidean Distances 
(SED) and the flexural to torsional ratio (FTR) of 440 simulated defects 
representing 36 classes were mapped in a vector from a feature space trough a 
function Φ, known as kernel function, which is equivalent to an inner product in the 
feature space: 
 
(xi, xj) → K(xi,xj)= (xi)(xj)                                                                                (4-7) 
where (xi, xj)= (SED, FTR); with i,j = 1, 2, 3, …., 36. 
After considering the values obtained and the error in the recognition phase from 
different kernel functions tried, the Gaussian radial basis function was chosen, 
according to equation (3-1). 
Thus, 36 classes were assigned in the training process to the input features (SED 
and FTR), as schematically showed in Figure 4-19, one class for each angular 
extent..  
Figure 4-20 shows an example of the application of the previously trained SVM to 
other simulated data. In this case 8 classes were fed in for the recognition. Each 
class was represented by 12 simulated defects having various values of axial and 
radial extent for each one of the 36 angular extents.  
In the figure each coloured bar represents one characteristic of a given defect, or 
one class (one angular extent). Consequently, the part a) of the figure shows the 
classes assigned to each defect angle that was included in the training phase. Part 
b) shows the classes (which correspond to defect angles) that were recognized by 
the algorithm. Some arrows were used to show the correspondence between some 
trained classes and recognized defects. For example defect no.1 (green bar) was 
 
Figure 4-19 – The training phase of the SVM method of recognizing the angular 
extents of defects, the input parameters (SED and FTR) and the assigned class 
 
SED 
FTR  
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recognized as belonging to class no. 16 from the training sequence, while defect 
no. 6 (orange bar) was recognized as belonging to class no. 25 from the training 
sequence. 
 
Figure 4-20 – Training classes and recognized defects in the case of angular 
extent classification. 
The obtained relative errors of classification for all these simulated defects, were in 
the range of -10% – +10%, the major part of the tested simulated defects being 
recognised with a relative error of -5% – 5%. 
 
After validating the input data from the 440 simulated defects used in the training 
phase the algorithm using the support vector machine method was applied to real 
GW data acquired with the magnetostrictive collar, to recognise artificial defects 
placed on real pipes. 
In an example, signal features corresponding to 10 angular extents were fed in 
random order into the classification software to be recognized. Figure 4-21 shows 
in a) the classes assigned for the training features and in b) the classes identified 
by the software as being related to angular extents that had to be recognized. In 
the figure, each colour represents a class that is related to a certain value of 
angular extent 
The obtained relative errors of the recognized angular extents from the artificial 
defects were in a range of -15% – 15%, with their majority in the range of -10% – 
10%. 
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The limitation of the SVM method lays in the fact that this is a discrete method 
because it can only recognize the features that have values used in the training 
phase. The step size would therefore give the degree of precision of this method. 
For example if the system is trained with features characteristic to defect angles 
that have a step size of 10⁰, then a defect of 16⁰ will be recognized as having an 
angle of 20⁰. 
SVM classification method remains a reliable method that can give good 
classifications of the angular extent of defects detected with GW-NDT with 
relatively low errors, depending on the training step size and on the signal features 
used in the training and recognition phase. 
a)  
b)  
Figure 4-21 – Assigned  classes for 10 defects in the training phase (a) and 
predicted classes for the recognized defects (b)  
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4.4 Determination of radial extent – dr 
Previous sections described the modalities of determination of the axial and 
angular extent of defects. The last phase of the geometrical characterization of a 
defect detected with GW-NDT is to find its radial extent – dr.  
4.4.1 Description of methods 
As presented in section 4.1 - Phases of defect characterization, the only notable 
effect that the radial extent has on the reflected wave, is visible in its amplitude. 
However, we know that the amplitude is influenced independently by all three 
spatial dimensions: axial, angular and radial. Nevertheless, if the relation between 
the axial extent and the amplitude would be known, then an amplitude correction 
could be made and the remaining amplitude variation would be attributed to the 
radial and angular extent that together form the cross-sectional area. Next, 
knowing the angular extent by applying one of the procedures described in the 
sections above, then the radial extent can be found with simple a geometrical 
computation. Thus the problem of finding the radial extent reduces itself to finding 
the cross-sectional area of the defect. 
Knowing the values of the external and internal radius of the pipe, we can calculate 
the total cross-sectional area of the pipe: 
 
         
    
                                                                                                  (4-8) 
where Ra is the external radius of the 8 inches pipe with the dimension of 0.1090 m 
Rb, is the internal radius equal to 0.1039 m, then the defect cross-sectional area is 
given by: 
 
     
      
   
 
  
    
 
                                                                                                                            (4-9)  
 
where x is the fraction of the total wall thickness that corresponds to the metal-loss 
defect. 
Literature study [27] shown that there is a determined relationship between the 
cross-sectional area of a given defect and the amplitude of the reflected guided 
wave. 
Figure 4-22 shows averages of the 12 circumferential acquisitions from three 
artificial defects, placed on an 8 inches diameter, laboratory pipe. The represented 
signals correspond to defects no. 24 (represented with black line), no. 34 
(represented with blue line) and no. 37 (represented with red line) from Table 3-3. 
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The characteristics of the 8 inches pipe are briefly described in Table 3-2. The 
response signals were normalized with respect to the amplitude of the transmitted 
wave. All three defects had the same axial extent of 1.75 cm and the same angular 
extent of 60° but each of them having a particular radial extent and thus different 
cross-sectional area. In particular the radial extents expressed in percentage of the 
total wall thickness and their corresponding cross-sections were:  
- dr=35%,  Adef=5.83%  (black line) 
- dr=40%,  Adef=6.67% (blue line) 
- dr=63%, Adef=10.5% (red line). 
 
The first observation is that the amplitude of the reflected wave increases with the 
increase of the cross-sectional area of the encountered defect. In this particular 
example, after the normalisation with respect to the transmitted wave, we have the 
amplitudes of the reflected torsional waves to be: 3%, 5% and 8% respectively 
from the transmitted wave. 
For a better understanding of the relationship between the signal amplitude and 
defect cross-sectional area, an important number of simulations has been 
performed, varying several parameters of defects. In total, 420 defects were 
simulated, considering 84 different defects for each axial extent. Their 
characteristics were: 
dθ from 30° to 360° 
dr from 10% to 70% of the total thickness of the pipe 
dz from 1.27 cm to 6.35 cm. 
 
Figure 4-22 – Average of the 12 circumferential signals acquired with 
magnetostrictive sensors corresponding to 3 real defects with different cross-
sectional areas 
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Figure 4-23 shows values of the maximum amplitude for all 420 defects plotted 
versus defect cross-sectional area. In this graph, defects were organized in 5 
groups, one group for each axial length. 
As can be seen, for each axial length, there is a linear dependence of the 
amplitude from the cross-sectional area, with now influence of the value of radial or 
angular extents from which the cross-section is composed. 
As a result, knowing the amplitude dependence of the axial extent will allow 
performing the corrections necessary to make the remaining signal amplitude 
dependent exclusively on the defect cross-sectional area, dS. 
 
 
In section 4.2, Determination of axial extent – dz, the relationship between 
amplitude and defect axial length was discussed. Study of simulations allowed 
defining the general trend of amplitudes as a function of axial length as shown in 
Figure 4-24. The large number of simulated defects and the wide range of values 
of defect parameters and test set-up that were used to study this trend allow us to 
search a function that best fits the data in Figure 4-24. Moreover, the trends is the 
same for all the frequencies used if the defect length is expressed in terms of 
wavelength multiples. 
An important observation is that when defect length is greater than the wavelength 
(10 cm in this case), the influence over the amplitude becomes null. This is 
explained by the lack of signal interference after the splitting of the incident wave. 
 
Figure 4-23 – Relationship between the cross sectional area of the defects and 
the normalized amplitude of the reflected wave 
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Then, the function that best describes the trend in the figure for defects shorter 
than the wavelength will be: 
 
                                                                
                                                             
                                                  
                                                                                                                          (4-10) 
where dz is the axial extent of the defect, in cm and ai, bi, ci are the function 
coefficients as follows: 
a1 = 0.8542; b1 = 0.8163; c1 = 0.6617; a2 = 1.719; b2 = 0.3263; c2 = -0.07772;  
a3 = 0.1165; b3 = 1.788; c3 = -3.397; a4 = 0.03935; b4 = 0.3085; c4 = 0.8187; 
a5 = 0.4637; b5 = 1.044; c5 = 0.8915; a6 = 2.248; b6 = 0.1203; c6 = -0.5916;  
a7 = -0.1879; b7 = 1.63; c7 = -7.379; a8 = 1.133; b8 = 0.5647; c8 = 0.3706. 
 
Equation (4-10) is then used to make a correction of the amplitude of the reflected 
signal as follows: 
      
    
         
 
                                                                                                                          (4-11) 
 
Figure 4-24 – Dependence of the amplitudes of the average signal from the axial 
length for 32 kHz transmitted wave 
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Re-plotting the plot from Figure 4-23, after performing the above operation we get a 
good approximation of a linear function that fits the new data (Figure 4-25). Thus, a 
clear relationship can be defined between the cross-sectional area of the defect 
and the resulting amplitude. 
 
 
 
Furthermore, the function that best fits the new data is: 
 
                                                                                                            (4-12) 
where  
y = Adef/Atot;  
x is the ratio between the amplitude maxima of the average signals from the 
defects and the amplitude maximum of the transmitted wave divided by the 
correction factor (Fcorr); 
and a, b are coefficients of the found linear fitting function: 
a=2.507; 
b= -0.026379. 
 
 
 
Figure 4-25 – Relationship between the defect cross-sectional area and the 
amplitude resulted after the correction for the axial length 
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Knowing the defect relative cross-sectional area dS=(Adef/Atot) as well as the 
angular extent (dθ) computed with the methods explained in the sections 
above,then, the following equation can be solved: 
 
                 
   
  
   
and: 
   
 
     
     
                                                                                                                          (4-13) 
where 
dθ is the angular extent, Ra and Rb are the external and respectively the internal 
pipe radius and dS is the cross section of the defect. 
Computing this equation we will obtain two solutions for the radial extent, from 
which only one is good, the other solution finding a value much greater than the 
total thickness of the pipe. 
4.4.2 Experimental validation 
In these described phases we showed the computing method of the tri-dimensional 
characteristics of a defect. 
Next, the case of an artificial defect placed on a real pipe will be described as an 
example. 
Let us consider the no. 9 defect with the following geometrical characteristics: 
dz=1.75 cm, dr=25% from the total thickness of the pipe and angular extent, 
dθ=240
o
, placed on an 8 inches diameter pipe to which dimension are presented in 
Table 3-2. 
As we saw before, through the algorithm that computes the angular extent using 
the FTR factor we found for the angular extent of this defect dθ=252
0
. We know, 
also, the axial extent dz computed with the method described in section 4.2. Thus, 
the computed value for the axial extent of this defect was d=2.9 cm, with a 
difference of 1.15 cm from its real value. 
Using the method described above now we can compute also the cross sectional 
area for this defect by analysing the amplitudes of its response signal, that was 
presented earlier, when the angular extent was computed. 
The first step is to normalize the reflected wave with respect to the transmitted 
guided wave by dividing their amplitudes. Thus, for this ratio it was found a value of 
0.0884.  
The next step is to apply the correction factor, in conformity with the fitting function 
presented in Figure 4-24. 
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We must mention that the found value of the axial extent of the defect was dz=2.9 
cm. Considering that the axial extend found for this defect is smaller than the value 
of the wavelength corresponding to the inspection frequency, the wavelength at 28 
kHz (the inspection frequency) being  =11.6 cm, the correction factor will not be 1 
and will be found with the fitting function (4-10):     
Fcorr = 1.8829 
After finding the correction factor we will divide the ratio of the amplitudes maxima 
of the average signal from the real defect and the amplitude maximum of the 
transmitted wave to Fcorr and we find the value of this ratio being 0.0469. 
Now we can compute the ratio between the cross sectional area of the defect and 
the total cross sectional area of the pipe, using the linear function (4-12) plotted in 
Figure 4-25. Thus we find Adef/Atot = 0.1007. 
Computing the total cross-sectional area of the pipe, with (4-8), Atot = 0.0034   ,  
we will find the value of the cross sectional area of the defect:  
 
                         
    
 
The real value of the cross sectional area of the defect is 5.85   , thus we have 
an error for the computed cross sectional area of 7.0982%. 
The last step is finding the radial extent of this defect by resolving the equation 
(4-13). Thus, in conformity with the analysing algorithm we found for the radial 
extent of this defect the value of 14.1% from the total thickens of the pipe. The real 
value of the radial extent was of 25% from the total thickness of the pipe, therefore 
we have a radial extent error of 10.889%. 
The error values are reasonable, considering the factors which are added to the 
final value of the radial extent error. The computational errors that were added to 
the radial extent final error are: the axial extent error, the angular extent error and 
the cross sectional area error. In this error can enter also factors other than the 
computational factors, like faults in the artificial defects construction or in the 
acquisition tests.  
Either way a 10% error on finding the radial depth extent of the defect cannot 
compromise the safety of any pipeline system and can be considered as an 
important achievement in the attempt of solving the inverse problem which is 
finding the 3D geometrical characteristics of the defects that can give us an idea of 
the real dimensions of the inspected defects. 
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CHAPTER 5 Results of 3D characterization 
The previous chapters described a series of methods that use various signal 
features to characterize the three spatial dimensions of defects detected by means 
of GW-NDT in pipes and pipelines. 
The signal features extracted from the reflected wave signal were: 
- Normalized amplitude 
- Sum of Euclidean Distances – SED 
- Flexural-to-torsional ratio – FTR 
As was explained earlier, the methods and algorithms applied for defect 
characterization were the regression methods and support vector machine – SVM. 
In order to make a statistical evaluation of these methods, the reminded features 
were extracted from signals that were obtained from the numerical simulation of 
660 defects (Table 3-4) and the experimental measurement of 65 artificial defects 
having a wide range of geometrical characteristics as shown in Table 3-3.   
For each of the 3D characterization results was, then, computed the relative error, 
in order to validate the computational method described in this thesis. Below we 
will present the results obtained that correspond to each of the three dimensions of 
the simulated defects, as well as of the real inspected defects. 
Further the results will be discussed in order to specify the possible causes of the 
relative errors and the degree of reliability of the characterization algorithm.  
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5.1 Results for axial length computing 
To evaluate the method used to compute the axial length, the results of the 660 
simulated GW tests and from the 65 experimental inspections were used. The 
method applied was the multi-frequency scanning as explained in section 4.2. 
Then, the computed values of the axial extents corresponding to the tests were 
used to find the relative error with respect to the wavelength used in each test as 
follows: 
       
             
           
                                                                                      (5-1)  
where εdz is the relative error on the computation of the axial length, dzpred is the 
axial length as found by the characterization algorithm, dzreal is the real axial length 
of the defect and  inspection is the wavelength correspondent to the test frequency.   
Figure 5-2 shows the relative error histogram of the results from 65 experimental 
tests, while Figure 5-1 shows the error distribution for the 660 simulated defects. 
The mean (µ) and standard deviation (σ) for the simulated and experimental 
defects respectively are: 
 
Table 5-1 Mean and standard deviation for errors obtained from the 
characterization of the axial extent 
 µ σ 
Sim 1.8 2.5 
Exp 8.9 3.6 
 
  
Figure 5-1 – Relative error on the computation of axial extent – dz, for 660 
simulated defects 
113 
 
 
Figure 5-2 – Relative error on the computation of axial extent – dz, for 65 
experimental defects 
This method shows good performance on both simulated and experimental 
defects. The highest error obtained for an experimental defect is 10% of the 
wavelength value, which in this case was  =10cm. Therefore, the largest error is 
equivalent to an overestimation of 1cm on defects having the axial length in the 
range 1.7-3cm. 
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5.2 Results for angular extent computing 
The methods and signal features explained in section 4.3 were applied to 
determine the angular extent from data obtained from 660 simulations and 65 
experimental signals. 
The relative error of the angular extent was computed as follows: 
 
       
             
   
                                                                                     (5-2) 
where εθ is the relative error  on defect angular extent, dθpred is the angular extent 
predicted by the computing method and dθreal is the real angular extent of the 
defect. 
In the case of computation of the angular extent, two different methods and two 
different signal features were used. These are listed in  
Table 5-2. 
 
Table 5-2 Methods and features involved in the characterization of the 
angular extent 
 
Methods: SVM Regression methods 
Features: SED FTR 
 
In the first phase, the SVM was applied using both features (SED and FTR) as 
input data in the classification algorithm. Next two studies were performed for the 
regression methods, one with SED and the other wising the FTR.  
5.2.1 Support Vector Machine – SVM using SED and FTR 
Figure 5-3 shows the error distribution for 220 simulated defects, while Figure 5-4 
shows the relative error histogram of the results from 65 experimental tests. In 
another representation, in Figure 5-5, the estimated values of the angular extent for 
all the 65 real defects are plotted as a scatterplot on the same graph. In this case, 
a good result means that the point on the graph corresponding to its value is closer 
to the bisector, while distant points correspond to larger errors. 
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Figure 5-3 – Relative error on the computation of angular extent – dθ, for 220 
experimental defects; method: SVM with SED&FTR 
 
Figure 5-4 – Relative error on the computation of angular extent – dθ, for 65 
experimental defects; method: SVM with SED&FTR 
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5.2.2 Regression methods with SED 
In this case, the Sum of Euclidean Distances (SED) was used in regression 
methods that were based on finding the best function that best fits data from 
simulations and apply it in the measurements. The errors of computation of the 
radial extent are described in Figure 5-6, while Figure 5-7 shows the scatterplot of 
the values determined through this method vs. real angular extent values. 
 
Figure 5-6 – Relative error on the computation of angular extent – dθ, for 65 
experimental defects; method: direct with SED 
 
Figure 5-5 – Angular extent (real vs. predicted) for 65 real defects 
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Figure 5-7 – Angular extent (real vs. predicted) for 65 real defects 
 
5.2.3 Regression methods with FTR 
Flexural-to-Torsional Ratio was demonstrated to be a representative signal feature 
to be used in the characterization of defects with GW-NDT.  
The errors of computation of the radial extent are described in Figure 5-8, while 
Figure 5-9 shows the scatterplot of the values determined through this method vs. 
real angular extent values. 
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Figure 5-8 – Relative error on the computation of angular extent – dθ, for 65 
experimental defects; method: direct with FTR 
 
Figure 5-9 – Angular extent (real vs. predicted) for 65 real defects 
The mean (µ) and standard deviation (σ) for the simulated and experimental 
defects respectively are presented in Table 5-3. 
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Table 5-3 Mean and standard deviation for errors obtained from the 
characterization of the angular extent 
Method Data µ σ 
SVM with 
SED&FTR 
Sim -0.5 4.3 
Exp 3.5 8.3 
Direct with SED Exp 3.2 7.0 
Direct with FTR Exp 2.6 7.7 
 
Figure 5-5, Figure 5-7 and Figure 5-9 indicate that most errors are in the area of 
small angles (less than 45
o
) and for large angles (more than 300°
 
or welds). In the 
first case the large errors appear because of the signal amplitudes (both torsional 
and flexural) that is close to the noise level. In the case of large angles, errors are 
due to the noise overlapping the flexural component, thus increasing it above the 
minimum level that should exist in the case of symmetrical discontinuities. Error 
distributions show that most of them have relative errors between 0 and 10%, while 
the others correspond to relatively small angle defects or symmetrical 
discontinuities as explained above. 
The study of the errors have shown that in the experimental tests, FTR method had 
lower errors on the average than the other methods and only a few cases were 
recognized with larger errors, fact that is visible in the value of the standard 
deviation. 
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5.3 Results for radial extent computing 
This is probably the most important information that is requested when 
discontinuities are indicated by the inspection results. Knowing the remaining wall 
thickness is of crucial importance for the pipe operators, so they can understand 
the state of the pipe integrity and decide the future actions to be taken. 
The methods used for the determination of the radial extent were described in 4.4. 
As explained in the previous chapter, determination of the radial extent of defects 
detected with GW-NDT is divided in two distinct steps: 
- Finding the cross-sectional area 
- From the cross-sectional area and the angular extent, find the radial 
extent 
As a consequence, the errors on the radial extent will be a combination of the 
errors on the angular extent and the cross-sectional area. While the errors on the 
angular extent were presented in the previous section, in this section as a first step, 
the errors on the cross-sectional area of defects will be studied.  
5.3.1 Errors on the computation of the cross-sectional area 
The cross-sectional wall loss was estimated by computing the ratio between the 
maximum amplitude of the transmitted wave and the maximum amplitude of the 
reflected wave after applying the correction for the interference due to the defect 
axial length. 
The relative error on the cross-sectional area of the defect was computed as: 
 
       
        
         
    
                                                                                (5-3) 
where εA def is the relative error on the computation of the defect cross-sectional 
area, Adef pred is the cross-sectional area predicted by the characterization algorithm, 
Adef real is the real cross-sectional area of the defect and Atot is the total cross-
sectional area of the pipe. 
The results are pictured in the following figures. While errors for the 660 simulated 
defects are sketched in the histogram in Figure 5-10, those corresponding to 
experimental data are shown through the histogram in Figure 5-11 and the 
scatterplot in Figure 5-12. 
The figures show small relative errors for all the 65 measured discontinuities, most 
of them being concentrated between -10% and 10% with respect to the total pipe-
wall cross-section. 
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Figure 5-10 – Cross-sectional area relative error histogram for 660 simulated 
defects 
 
Figure 5-11 – Relative error on the computation of the cross-sectional area – 
dS, for 65 experimental defects 
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5.3.2 Errors on the computation of the radial depth 
The relative error of the radial depth of the defect was computed as: 
 
       
             
      
                                                                                           (5-4) 
where εdr is the relative error on the defect radial depth drpred is the radial depth 
predicted by the characterization algorithm, drreal is the real radial depth of the 
defect and drpipe is the total wall-thickness of the pipe. 
Figure 5-13 shows the distribution of errors for the 660 simulated defects, while 
Table 5-4 lists the mean and standard deviation for errors obtained from both 
simulated and experimental signals.  
 
Figure 5-12 – Cross-sectional area (real vs. predicted) for 65 real defects 
123 
 
 
 
 
Figure 5-13 – Radial depth relative error histogram for 660 simulated defects 
 
Figure 5-14 – Radial depth relative error histogram for 65 real defects 
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Table 5-4 Mean and standard deviation for errors obtained from the 
characterization of the angular extent 
 µ σ 
Sim 0.2 8.8 
Exp -6.9 8.7 
 
Figure 5-14 and Figure 5-15 show the results and the errors on the prediction of 
radial depth for all the 65 discontinuities. It can be noted that the relative errors for 
the prediction of this parameter increase, especially for the cases of small angle 
defects or small cross-sectional loss. This result can be explained with the 
dependence of the other two parameters: small prediction errors over the angular 
extent and/or on the cross-sectional loss will generate important errors on the 
prediction of the radial depth. However, even in this case, the errors of prediction 
are concentrated between -10% and +10% for most discontinuities, while the rest 
of them show prediction errors, which are around 20%. Moreover, the average 
error in the case of simulations is remarkably lower than in the experimental 
measurements, although the standard deviations are similar. These values are 
influenced by a small number of defects, usually with angles larger than 330° or 
lower than 45° whose recognition is done with higher errors. 
 
 
Figure 5-15 – Radial depth (real vs. predicted) for 65 real defects 
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CHAPTER 6 Conclusions and further 
developments 
This thesis described a multitude of tests to assess the possibility of 3D 
characterizing defects in pipes by using a multi element magnetostrictive collar and 
advanced feature recognition algorithms like Support Vector Machine – SVM. The 
large number of simulated defects (660) allowed the elaboration and the evaluation 
of algorithms and methods capable to estimate defect size and geometry. 
Furthermore, a series of experimental tests were performed using a new guided 
wave sensor magnetostrictive collar and artificial defects as well as discontinuities 
normally present on pipelines. Even though the tested discontinuities were 
characterized with reasonable prediction errors, a much larger number of real 
pipeline defects have to be tested and more experience is needed in order to make 
a complete evaluation of the presented methods and algorithms. 
Further developments 
Despite the recent achievements regarding defect characterization from Guided-
Wave – NDT signals, several challenges still remain to be considered in future 
research. 
It was shown that the flexural component is influenced in its propagation by the 
existence along its path of asymmetrical discontinuities. These can be other 
defects or even pipe supports or can be determined by the pipe geometry (U-
bends). Starting from these considerations, we can conclude that further research 
in the field of characterization of defects detected with GW-NDT might include: 
- Characterization of multiple defects distributed along the pipe length 
over short pipe segments (defect arrays). 
- Characterization of defects that are distributed as a defect matrix. 
- Characterization of defects that are located on or after U- bends. 
- Determination of the circumferential position and identification of 
defects from a defect array located on the same circumferential plane. 
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